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Abstnct: 


The  design  of  organic  polymers  as  active  mediums  for  nonlinear  optics  has  attracted 
much  attention  because  their  nature  of  versatility  in  synthetic  chemistry  and  in 
fabrication.  A  series  of  new  side  chain  polymers  were  synthesizaJ  and  characseriaed  for 
the  second  and  third  order  NLO  applications.  Linear  copolymors  containing  maleic 
anhydride  as  an  active  functional  group  on  the  main  chain  were  {Hrepared  in  this  work. 
The  maleic  anhydride  group  reacts,  by  ring  opening  esterification  with  an  a|^ropnatc 
alcohol  containing  an  NLO  functionality.  These  copolymers  were  also  found  to  be 
suitable  for  tvanching  or  crosslinking  reacdons  with  a,(iKliois.  A  series  of  substitute 
silicon  and  aluminum  phthaiocyanines  has  been  synthesized  to  study  their  third  order 
nonlinear  responses.  A  nitro/amino  substituted  aluminum  phthalocyanine  has  been  made 
along  with  mixtures  of  benzo  substituted  silicon  phthaiocyanines.  A  synthedc  route  has 
been  investigated  to  directly  give  donor  acceptor  phthaiocyanines.  To  increase 
mechanical  property  of  phthalocyanine  compounds,  copolymers  with  MMA  have  been 
synthesized  and  characterized.  All  of  tin  copolymers  show  excellent  film  forming 
characteristics. 

Picosecond  degenerate  four  wave  mixing  was  used  to  study  Uk  third  order  nonlinear 
optical  properties  a  number  of  NLO  polymers.  These  polymers  include  silicon 
phthalocyanine  and  naphthalocyanine  copolymers.  3  and  5  ring  pendant  side  chain 
copolymers,  and  HCC  side  chain  NLO  copolymers.  The  5-ring  pendant  copolymer 
shows  both  the  highest  nonUnearity  (xf/n  *  3  x  10'“  esu)  and  the  hi^st  value  of 
Xnn/a  for  this  group  of  materials.  Resonant  jf/,,  values  as  large  as  2.6  x  10  ‘°esu 
were  observed  for  silicon  phthalocyanine  copolymers  with  6  mole  percent  active 
chroroophorc. 

It  was  demonstrated  that  silicon  phthalocyanine/MMA  copolymer  could  be  used  as  an 
active  material  in  the  vertically  integrated  directional  coupler.  TTic  waveguide 
experiment  indicates  that  relatively  low  loss  waveguiding  and  coupling  between  the 
upper  ami  the  bottom  waveguides  can  be  achieved.  The  various  fabrication  techniques  of 
thin  film  devices  were  discussed.  In  order  to  get  defect-free  films  from  the  q?in  coating 
process,  ♦he  effects  of  solvent  nature,  spinning  parameters,  and  drying  conditions  on  film 
quality  have  to  be  understood.  The  use  of  the  nonionic  long  chain  surfactant  eliminates 
most  of  coatings  problems  aiKi  the  plasma  protection  layer  could  prevent  die  problem  of 
solvent  stress  cracking. 
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STATEMENT  OF  WORK  FOR  AFOSR 


(1)  Design,  synthesize,  and  evaluate  new  molecules  as  jiP'^  candidates  and 
incorporate  the  most  promising  materials  into  high  activity  polymers. 

(2)  Characterize  these  new  macromolrcules  for  second  order  activity  using 
optical  and  electroH)ptical  methods. 

(3)  Synthesize  and  characterize  new  and  novel  small  molecules  and 
oligomers/polymers  based  on  tlw  metallated  macrocyde  family  (which 
indudes  porphyrins,  phthalocyanines,  and  naphthalocyanines). 

(4)  Evaluate  these  materials  and  other  candidates  for  third  order 
applications  using  optical  methods  (irnduding  picosecond  optical  Kerr 
and  degenerate  four  wave  mixing  measurements).  Other  candidates  will 
indude  polymers  synthesized  primarily  for  ;t<2)  applications  and 
materials  obtained  from  other  AFOSR  contractors. 

(5)  Fabricate  NLO  materials  (e.g.  polymers  and  small 
molecules/oligomers/polymers)  into  forms  suitable  for  device 
development.  Examples  of  these  fabrication  techniques  indude  spin 
coating  and  molding  into  acceptable  structures  for  evaluation  and  device 
construction. 
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I.  INTRODUCTION 


Interest  in  nonlinear  optics  has  grown  tremendously  in  recent  years  because 
developments  in  the  fleld  of  nonlinear  optics  hold  promise  for  important  applications  in 
optical  information  processing,  telecommunications,  and  integrated  optics.  Organic 
materials  possess  many  critic.d  attribures  for  nonlinear  optical  (NLO)  applications.  These 
attributes  include  large  nonresonant  suscepdbilides,  fast  response  times,  and  low  dielectric 
constants.  Because  of  their  unique  chemical  structures  of  n  bondings,  organic  molecules 
exhibit  the  largest  nonresonant  opdeal  nonlinearides.  These  large  nonlinearides  have  been 
traced  to  efficient  charge  reorganizadon  between  the  electronic  states  in  the  Tc-electron 
system  of  their  molecular  constituents.  Fo.'  inorganic  systems,  important  higher  order 
NLO  effects,  such  as  a  third  older  effect,  are  resonant  Thus,  heat  dissipadon  tends  to  limit 
the  cycle  dme  of  devices  derived  from  these  materials.  For  many  device  applicadons,  such 
as  in  all  opdeal  signal  processing,  the  NLO  response  dme  is  an  important  consideradon. 
The  dielectric  constants  of  organic  materials  are  considerably  lower  than  those  of  inorganic 
crystals.  This  feature  also  has  important  implicadons  for  electroopdc  devices  in  which  a 
low  frequency  ac  field  is  used  to  modulate  the  refiraedve  index. 

Another  advantage  of  organic  compounds  in  the  NLO  ^plications  is  their  endless 
synthetic  possibility  and  the  understanding  on  the  relationship  between  molecular 
arrangement  in  crystals  and  the  opwation  of  NLO  devices.  However,  organic  crystals  have 
not  yet  found  widespread  utility  in  integrated  optics  and  waveguide  optics  mainly  because 
of  the  difficulty  of  growing  large,  high  quality  single  crystals  with  the  required 
processability,  mechanical  integrity,  ami  ambient  stability.  Recently,  it  has  been  recognized 
that,  in  addition  to  synthetic  flexibility,  a  wide  variety  of  fabrication  techniques  are  available 
for  organic  polymeric  materials.  Polymeric  systems  offer  mechanical,  chemical,  and 
thermal  robustness,  adhesion  to  a  variety  of  materials,  processability  into  films,  fibers, 
waveguides,  and  large  area  structures,  integration  with  electronics  and  optical  sources  and 
detectors,  and  low  cost.  In  polymer  films,  NLO  molecules  can  either  be  doped  in  the 
polymer  matrix  or  be  covalently  bonded  the  polymer  backbone.  The  necessary  polar 
alignment  is  then  induced  by  poling  the  films  in  electric  fields  above  the  glass  transition 
temperature  and  subsequently  cooling  down  and  freezing  in  the  non-centrosymmetrical 
ardor  below  the  glass  transition  temperature. 
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■Hjc  majority  of  ii«  research  and  developmeof  cff<m  ai  die  Hoechsi  Ceianesc 
Corporation  (HCC)  in  ntmlinear  optics  has  been  directed  toward  second  order  rKmljocar 
opdcai  mattsiials  and  devices.  This  is  naniraJ  since  the  majority  of  near  to  medium  ienn 
i^)piicai3on$  of  nonlinear  qrncs  are  in  this  area,  whkh  includes  eJtxffo-optic  devices  of  all 
kinds  and  parametric  frequency  conversion  devices  In  this  project,  m  isMiuofi  to  the 
development  of  second  order  NLO  polynwrs,  third  order  KLO  polymers  have  been 
investigated  by  presenting  several  simple  design  rules  that  nnay  help  in  the  attainment  of 
materiitis  with  lar^  as  well  as  desirable  secondary  properties 

There  have  b«:n  a  number  of  reports  in  the  Uiertiure  on  the  activity  of 
phthalocyanine  derivatives  that  show  relatively  high  third  wfcr  NLO  responses  These 
molecules  are  planar  x-conjugaied  sysutms  that  have  sharp  ab$<»pocei  bands  in  the  visible 
and  near  infrared,  and  exhibit  excellent  thermal  and  chemical  stability  H  wever.  the 
development  of  all  optical  waveguide  devices  has  still  suffered  from  the  lack  of  highly 
active  materials  which  can  be  easily  processed.  It  is  desirable  to  develop  matchaJs 
ctmoining  these  types  cf  phthalocyamne  denvuives  that  show  high  NLO  activity  as  well  as 
processability.  In  this  report  we  present  the  synthesis  of  silicon  phduilocyimnc  side  chain 
copolymers  and  Uk  device  design  which  is  aimed  at  producing  an  ail  opoca!  swirh. 

The  primary  objectives  of  this  project  are  synthesis  and  chanrcterizanon  of  new 
NLO  polymers  for  the  second  ortkr  applications;  synthesis  of  novel  NLO  polymers  based 
on  metallated  macrocycles;  characterizations  of  these  NLO  polymers  frw  third  order 
applications;  fabrication  and  evaluation  of  waveguide  devices.  In  chapter  11,  a  senes  of 
linear  copolymers  containing  maleic  anhydride  as  the  active  funcocmal  group  on  the  main 
chain  was  prepared  to  explore  the  possibility  of  grafting  side  chain  chronx^hore  units  emto 
a  preformed  polymer  backbone.  The  second  order  NLO  activity  of  the  copolymers  was 
studied  using  the  electrooptic  method.  A  series  of  substioiied  silicon  and  aluminum 
phthalocyanines  was  p«^ared  in  order  to  investigtK  their  secemd  and  third  onler  nonlinear 
responses  (chapter  III).  A  general  synthetic  route  »o  a  series  of  phtJiaJocyminc 
methylmethacrylate  copolymers  was  developed  and  the  physical  and  qptictl  prc^ierties  of 
these  copolymers  were  characterized.  A  number  of  NLO  polymers  were  chartctmzcd  for 
third  order  responses  by  a  technique  of  the  degenerate  four  wave  mixing  (chapter  FV), 
These  polyrrsers  inciiide  silkwi  phthalocyanine  and  naphihaJocyantnc  copolymers,  3  and  5 
ring  pendant  side  chain  copolymers,  and  HCC  side  chain  NLO  copolymers.  Device 
designs  arxl  evaluation  based  on  the  silicon  phthalocyanine  copolymers  in  a  vertically 
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ititegraied  waveguide  are  discussed  iu  the  chapicr  V  whar  the  device  fabricanon  techniques. 
fcH'  a  waveguide  ai  nmMiayer  thin  fUms  $rc  explained. 


Exrernal  research  and  development  funds  have  been  used  to  develop  a  direct 
synthetic  route  to  asymmetricaJ  dontxr  acceptor  phthalocyanincs  in  the  laboraimies  of  Prof 
M.  Kenney  at  the  Care  Western  Reserve  University.  Prof.  M.  G.  Kuzyk  at  the 
Washington  State  University  produced  nonlinear  optical  fibm  using  gtrest/bosi  doping  of 
various  dyes  in  PMMA.  The  details  of  there  works  are  inclwied  as  af^ndices. 
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II.  SYNTHESIS  AND  CHARACTERIZATION  OF 
NEW  NLO  POLYMERS 


2.1  INTRODUCTION 

The  design  of  organic  polymers  as  active  mediums  for  nonlinear  q?tics  has  reomtly 
generated  iinK;h  interest  Side  chain  polymers,  in  which  the  active  NLO  chromophcoe  is  a 
pemlant  group  to  the  backbone  have  attracted  much  attendcm  because  their  nature  comlnrMad 
with  the  versatility  of  synthetic  chemistry  can  be  used  to  alter  and  optimize  molecular 
structure  to  maximize  nonlinear  responses  and  other  properties.  Other  benefits  associa^ 
with  molecular  systems  derive  from  the  fabrication  methods  that  are  available  or  umter 
development  f(»r  building  diin  film  structures. 

A  series  of  linear  copolymers  containing  maleic  anhydride  as  tl:»  active  fuiKdonal 
group  on  the  main  chain  were  prepared  to  find  out  the  possibility  of  grafting  side  chain 
chromophore  units  onto  a  preformed  polymer  backbone.  It  was  proposed  that 
incorporation  of  side  chain  units  could  be  accomplished  by  a  direct  ring  opening 
esterification  reaction  with  ^  chromophore  containing  alcohol.  In  order  to  ensure  a  non- 
electrolytic  final  polymer,  a  further  esterification  reaction  on  the  generated  carboxylic  acid 
group  was  carried  out 

Such  a  reaction  scheme  may  be  beneficial  for  several  reasons.  Chromophores 
containing  two  or  more  competing  vinyl  groups  may  be  incoiporated  by  this  method  into  a 
linear  side  chain  polymer  without  the  complication  of  crosslinldng.  Also,  the  increased 
chain  transfer  effects  of  the  nitrobenzene  containing  monomers,  which  lowers  polymer 
motecular  weight,  are  circumvented.  By  conrect  choice  of  the  starting  moltxular  weij^t  of 
the  polymer,  a  polymer  of  predictable  molecular  weight  may  be  formed.  Inqirovement  of 
die  tmiporal  stability  of  the  poled  state  may  be  possible  by  crosslinking.  This  can  be 
carried  out  at  any  stage  of  the  process  (including  after  film  formatitm)  by  reaction  of  excess 
anhydride  groups  with  a  diol.  The  creation  of  polymer  branch  points  may  also  improve 
toughness.  A  variety  of  comonomers  can  be  utilized  to  enhance  or  tailor  a  variety  of 
structural,  mechanical,  physical  and  optical  properties.  Among  those  investigated  wa% 
styrene  and  methyl  and  butyl  vinyl  ether.  Details  of  the  synthesis  and  physical 
characterization  results  on  monomers  and  copolymers  wwe  described  in  the  previous 
interim  reports  [1,2]. 
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ZJ  SYNTHESIS  OF  MALEIC  ANHYDRIDE  COPOLYMERS 


The  synthetic  strategy  for  diester  maleic  anhydride  copolyir«rs  arc  shown  in 
Hgucres  2.1  and  2.2.  The  pteparation  of  three  alcohols  containing  NLO  chromt^horcs 
shown  in  bottom  of  Figure  2.1  were  reported  in  a  previously  report  [!].  These  alcohols 
were  then  used  to  functionalize  the  maleic  anhydride/styrene  copolymers  by  a  ring  opening 
esterification  reaction  as  shown  in  Figure  2.1. 

DMAP  was  used  as  a  nucleophilic  catalyst  and  formed  the  intermediate  amide  salt 
which  was  displaced  by  the  alcohol.  It  was  necessary  to  wash  the  final  polymer  with  acetk: 
acid  to  remove  the  catalyst  as  it  was  thought  to  form  some  kind  of  complex  with  the  free 
acrylic  acid  unit  For  this  reason  also,  a  molar  equivalent  of  the  catalyst  was  needed. 
Incorporation  percenuges  were  found  to  be  dependent  on  solvent,  temperature  and 
molecular  weight  of  starting  polymer.  Trifluoroacetic  acid  was  also  used  as  a  fugitive  acki 
catalyst  which  could  be  removed  either  by  distillation  or  reprecipitation  of  the  polymo’. 
This  method  was  necessary  when  functionalizing  polymers  containing  vinyl  ether 
cmnonomers.  In  all  cases,  care  was  taken  to  ensure  that  the  reactions  were  carried  out 
under  aidiydrous  conditions. 

An  alternative  functionalization  procedure  was  used  to  form  the  diesters  (Figure 
2.2).  Hrst  the  styrene/maleic  anhydride  copolymer  was  monofuncticaialized  by  ethanol  to 
give  complete  formation  of  the  acid  ester.  The  medtaciylic  acid  unit  was  then  treated  with  a 
pyridinium  salt  which  acts  as  a  dehydrating  agent  The  mechanism  involves  die  formation 
of  an  intomediate  pyridinium  ester  which,  by  nucleophilic  substitution  with  the  ^bene 
alcohol,  forms  the  polymer  diester  and  a  pyridone.  As  the  pyridone  is  a  good  leaving 
group,  the  forward  reaction  proceeds  smoothly. 

In  order  to  toughen  the  films,  the  polymer  was  crosslinked  by  using  long  chain 
akohol  molecules.  This  was  achieved  by  reacting  one  ot(o>diol  with  iq^roximately  two 
polymer  chains  as  shown  in  Figure  2.3.  The  products  from  the  reaction  with  both  hexane- 
1,6^0}  and  bisphenol  A  were  insoluble  gels  and  it  was  assumed  that  the  polymer  had.  in 
effect  crosslinked.  On  increasing  the  diol  chain  length  to  the  extent  of  poly(THF)  (MW  » 
650  g/tml),  a  soluble  branched  polymer  was  prodiK^  The  reactiem  was  carried  out  either 
neat  or  in  THF  without  addition  of  any  catalyst 
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Figure  2.1  Knt  synthetic  route  for  dies^  maleic  anhydride  cqwlymers. 


6 


Figure  2.3  Oosslinking  of  maleic  anhydride  copolymas 
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2^  RESULTS  AND  DISCUSSION 


In  all  cases,  polymerization  of  maleic  anhydride  and  comonomers  such  as  bury! 
vinyl  ether  and  styrene  resulted  in  high  molecular  weiglit  pdiymer.  Introduction  of  a  slight 
excess  of  the  anhydride  in  the  feed  ratio  ensured  synthesis  of  an  alternating  copolymer. 
The  results  show  that  it  was  possible  to  functionalize  to  a  respt^table  degree,  maleic 
anhydride  copolymers.  Solvation  of  the  polymer  was  a  key  issue  and  use  of  a  solvent 
which  can  extend  the  polymer  chain  was  essential.  This  allowed  greater  access  into  the 
active  anhydride  sites  by  the  nucleophiles.  In  this  work,  DMAP  was  recognized  as  a  beoer 
catalyst  than  trifluoroacetic  acid.  The  use  of  Z-chlOTo-l-methylpyridinium  iodide  as  a 
dehydrating  agent  was  also  successful.  This  scheme  produced  a  ntxHe  soluble  diesttmfied 
polymer. 

Functionalization  of  the  high  molecular  weight  copolymers  was  also  successful. 
Incorporadon  levels  were  generally  lower  due  to  high  soludon  viscosity  and  steric 
entanglement  effects.  However  the  resultant  polymer  was  of  such  high  molecular  weight 
diat  it  formed  a  gel  which  proved  to  be  unprocessable.  On  esterificadon  of  the  anhydride 
unit,  the  backbone  became  inherently  more  flexible,  resulting  in  a  lower  glass  transidon. 
However  the  introduction  of  bulky  stilbene  groups  counteracts  dus  by  hindering  movement 
and  Tg  is  raised.  Most  glass  transitions  were  in  the  range  130-150 

Experiments  to  investigate  the  effect  of  bnuiching  the  copolymors  revealed  some 
interesting  preliminary  data.  It  was  shown  that  evm  for  the  minimum  case  of  one  branch 
point  per  chain  (one  diol  per  two  chain  lengths),  short  diol  units  prodtMxd  crosdinked-like 
material.  It  was  necessary  to  increase  the  diol  link  group  length  substantially  and 
polyCTHF)  proved  suitable.  The  resultant  polymer  was  soluble  with  a  lower  Tg  due  to 
plasticizing  effects. 

A  major  cause  of  concern  in  this  woric  has  been  the  poor  quality  of  NLO  films 
obtained  from  the  spin  coating  process.  Mechanical  failure  due  to  solvent  and  tti^rmal 
iiKloced  cracking  and  lack  of  adhesion  on  a  variety  of  substrates  was  evident  for  most 
polymer  samples.  The  theory  of  polymer  mechanical  property  suggests  that  with  an 
increase  of  molecular  weight,  a  corresponding  improvonent  in  bodi  tensile  strength  and 
toughness  will  result  This  was  investigated  by  synthesis  of  a  range  of  polymer  molecular 
weight  precursor  samples  from  1,800  to  500,000  average  molecular  weights.  However, 
on  functionalization,  die  solution  characteristics  of  the  high  molecular  weight  polymers 
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were  such  that  a  conqntmiise  in  dte  solubility  and  the  ease  of  filtration  verses  mechanical 
properties  was  necessary.  The  molecular  structure  also  played  a  significant  role  in  both  the 
solution  and  bulk  behavior.  In  general,  as  the  concentration  of  free  acid  groups  increased, 
the  chain  hydrodynamic  volume  decreased  resulting  in  lower  soIubUity  and  poorer 
viscosity.  The  acid  group  concentration  also  effected  the  bulk  behavior  in  that  both 
brittleness  and  film  tendency  to  crack  increased.  As  a  result,  the  synthetic  effort  in  the 
diester  form  was  prioritizedL  Films  prepared  from  inidal  batches  of  diestaifi«l  polymer 
show  promising  in^»ovements  in  the  stress  resistance,  resulting  in  fewer  cracks.  Also, 
conductivity  during  poling  was  lower,  which  was  probably  due  to  a  decrease  in  oransient 
itms  scavenged  by  the  carboxylic  acid  group. 
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2.4  SECOND  ORDER  NLO  ACTIVITY 


For  the  puiposes  of  characterizing  electro-optic  properties  of  these  materials,  thin 
filim  (^[^jroximate  thicknesses  of  1*2  mm)  were  prq>ared  by  the  spin-coating  technique  tm 
indium-tin-oxide  (TTO)  coated  glass  dides.  The  ITO  serves  as  one  el^irode  of  our  test  cell. 
Our  fust  action  is  to  deposit  ISOOA  of  gold  to  act  as  t)w  other  electrode.  This  gold 
electrode  is  thermally  deposited  in  an  oblong  of  dimensions  10  mm  3  mm.  After 

attaching  voy  fine  wires  to  both  electrodes,  orientation  of  the  NLO  moiety  was  carried  out 
diroagh  el«:trical  poling.  The  poling  process  was  carried  out  by  applying  a  DC  electric 
field  across  the  electrodes  while  the  material  is  held  at  a  controlled  tenq>erature  which  is 
slightly  above  its  glass  transition  temperature  (Tg).  For  the  initial  poling,  the  Tg  based 
upon  data  obtained  from  tUfferential  scanning  calorimetry  (DSQ  was  used  as  die  poling 
temperature.  It  was  found,  however,  that  the  Tg  supplied  by  DSC  is  not  always  tl^ 
optimum  tmperature  for  poling  therefore,  after  this  initial  poling,  we  ran  a  thermally 
stimulated  discharge  (TSD)  experiment  The  TSD  consists  simply  of  heating  the  saiTq)le  at 
a  voy  controlled  rate  while  the  current  ouq>ot  from  tite  poled  area  is  monitcued.  We  tlmi 
plotted  ouq)ut  current  versus  temperature  and  a  plot  similar  to  that  in  Figure  2.4  was 
obtained.  As  we  can  see  from  the  plot  there  is  a  peak  in  the  current  around  140**C.  It  is 
this  peak  which  determines  the  optimum  poling  ten^yerature.  We  then  would  normally 
cany  out  a  study  to  deteimine  the  electro-optic  coefficient  as  a  function  of  poling  field.  Due 
to  the  poor  quality  of  die  films,  we  were  only  able  to  pole  some  sanq>les  at  a  angle  field 
level,  while  other  sanq>Ies  couki  not  be  poled  at  all  (we  expeiKnced  electrical  biedalown  as 
soon  as  a  field  was  iq>plied). 

The  measurement  of  the  electtx>-optic  coefficient  utilizes  a  measurement  technique 
in  which  a  laser  beam  is  cUrecied  through  die  glass  substrate,  passes  through  die  film  aixl  is 
reflected  from  die  gold  etectrode.  The  polarization  of  die  incident  laser  beam  is  set  at  4S°ro 
the  plane  of  tncideiice  causing  the  parallel  and  perpendicular  conqionents  of  d»  reflected 
li|^t  to  be  equal  in  amplitude.  Hie  reflected  beam  is  passed  through  a  Soleil-Balnnet 
compensauir,  an  analyze,  and  into  a  detector.  The  modulation  in  the  beam  is  measured 
using  a  iock-in>amplifier.  All  maleic  anhydride  copolymer  samples  investigated  show 
rather  low  electro-optic  properties.  The  coefficient  found  from  the  styrene/maleic 
anhydride  cqiolymers  was  about  1  pmA^  when  poled  in  a  field  of  50  volts^un  at  140  °C. 
These  results  may  indicate  that  there  are  problems  with  the  NLO  moieties  dionselves,  in  the 
film  fabrication,  ot  in  the  poling  processes. 


O  Oi 


t•mp•ratur•,  deg  C. 


Figure  2.4  Thermally  sdmulated  discharge  of  Styrene/Maleic  anhydride 

copolymer  poled  at  130  ®C,  50  V4un,  5  min. 
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CONCLUSIONS 


A  new  series  of  side  chain  NLO  polymers,  containing  a  maleic  anhydride 
copolymer  backbone,  were  prepared  in  this  work.  The  maleic  anhydride  group  reacts,  by 
ring  opening  esterification  with  an  appropriate  alcohol  containing  an  NLO  functionality,  to 
form  an  acid  ester.  These  copolymers  were  also  found  to  be  suitable  for  branching  or 
crosslinking  reactions  with  a,(t>-diol$.  On  esterirication  of  the  anhydride  unit,  the 
backbone  became  inherently  more  flexible,  resulting  in  a  lower  glass  transition.  However, 
the  introduction  of  bulky  stilbene  groups  counteracts  this  by  hindering  movement  and  Tg  is 
raised. 

In  all  cases,  polymerization  of  maleic  anhydride  and  comonomers  such  as  butyl 
vinyl  ethCT  and  styrene  resulted  in  high  molecular  weight  polymer.  Introduction  of  a  slight 
excess  of  the  anhydride  in  the  feed  ratio  ensured  synthesis  of  an  alternating  copolymer. 
The  results  show  that  it  was  possible  to  functionalize  these  polymers  to  a  respectable 
degree.  Solvation  of  the  polymer  was  a  key  issue  and  use  of  a  solvent  which  can  chain 
extend  the  backbone  was  essential.  This  allowed  greater  access  into  the  active  anhydride 
sites  by  the  nucleophiles. 

Experiments  to  investigate  the  effect  on  branching  the  copolymers  revealed  some 
interesting  results.  It  was  shown  that  even  for  the  minimum  case  of  one  branch  point  per 
chain  (one  diol  per  two  chain  lengths),  shtnt  diol  units  produced  crosslinked  like  material. 
It  was  necessary  to  increase  the  diol  link  group  length  substantially  and  poly(THF)  proved 
suibtble.  The  resultant  polymer  was  soluble  with  a  lower  Tg  due  to  plasticizing  effects, 
hiitial  electro-optic  property  measurements  resulted  in  rather  low  activities.  However,  these 
results  could  indicate  that  there  were  problems  with  the  NLO  moieties  themselves,  in  die 
film  fabrication,  or  in  the  poling  processes. 
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III.  METALLATED  MACROCYCLES 


3.1  INTRODUCTION 

Organic  polymeric  materials  have  received  much  attention  for  applications  in 
ncmlinear  optical  devices.  Most  recent  work  has  focused  on  the  electro-optic  applications 
of  ^assy  polymeric  materials  in  optical  waveguide  devices  whereas  the  develo|Hnent  of  all 
optical  waveguide  devices  has  suffered  from  the  lack  of  highly  active  materials  which  can 
be  easily  processed  [1-4],  There  have  been  a  numb^  of  reports  in  the  literature  on  the 
activity  of  porphyrin  derivatives,  namely  tetrabenzporphyrins,  phthalocyanines  and 
luqphthalocyanines,  diat  show  relatively  hi^  third  order  nonlinear  optical  re^xMises.  These 
molecuies  are  planar  n-conjugated  systems  that  have  sharp  absorption  bands  in  the  visible 
and  near  infrared  and  exhibit  excellent  thermal  and  chemical  stability.  Most  studies  have 
examined  these  dyes  in  solution  [S-7],  sublimed  thin  films  [8,9]  or  in  Langmuir  Blodgen 
thin  films  [8,10].  Some  silicon  phthalocyanines  have  been  made  into  siloxane  copolymers 
that  show  high  third  order  susceptibilities  [11,12].  It  would  be  desirable  to  develop 
materials  ctMitaining  these  types  of  porphyrin  derivatives  that  show  high  activity  as  well  as 
processability  similar  to  those  polymeric  materials  being  developed  for  electro-optic 
aiqrlications. 

As  reported  in  previous  interim  reports  [1,2],  a  series  of  substituted  silicon  and 
aluminum  phthalocyanines  has  been  prepared  to  study  their  second  and  thf  d  order 
nonlinear  re^nses.  A  nitro/amino  substituted  aluminum  phdtalocyanine  was  synthesized 
along  with  mixtures  of  benzo  substituted  silicon  phthalocyanines.  The  synthesis  and 
characterization  of  the  benzo  substituted  silicon  phthalocyanines  showed  that  these 
materials  can  be  made  in  good  yield  and  that  the  isomer  content  along  with  the  major 
absorption  bands  in  the  ..ear  infrared  can  be  ctmtrolled. 

To  increase  both  the  physical  and  mechanical  properties  of  the  phthalocyanine 
conqrounds  a  general  route  to  a  series  of  phthalocyaniire  methylmethacrylate  copolymers 
was  developed.  These  materials  give  good  optical  quality  thin  films  by  the  technique  of 
spin  coating  which  is  necessary  in  the  development  of  waveguide  devices.  Analysis 
of  tile  cqptical  propoties  of  these  films  show  that  the  absorption  plectra  in  the  solid  state  are 
vay  similar  to  the  solution  spectra.  This  is  due  to  the  smaller  amount  of  aggregation  of  the 
dye  motecules  in  the  solid  state  as  conqiared  to  a  guest  host  polymer  thin  film  Thesefilms 
also  showed  areas  of  low  absorption  between  the  Soret  aiu!  Q  bands  and  at  wavelengths 


14 


longer  than  750  nm  which  allows  for  the  opportunity  to  develop  devices  at  these 
wavelengths.  These  copolymers  also  allow  for  a  higher  amount  of  the  active  material  to  be 
incorporated  into  the  film  as  compared  to  similar  systems  based  on  guest  host  polymer  thin 
films.  This  is  due  to  the  limited  solubility  of  the  dyes  in  both  the  spinning  solvents  as  well 
as  the  polymer  matrix.  The  development  of  the  side  chain  copolymers  should  increase  the 
amount  of  dye  incorporation,  the  film  forming  propcnics,  and  the  solubility  of  the 
copolymers  in  common  organic  spinning  solvents. 

Here  we  present  the  chemistry  and  physical  properties  of  a  series  of  silicon 
phthalocyanine  methylmethacrylate  copolymers  prepared  by  the  modification  of  the  central 
silicon  atom.  One  advantage  of  this  approach  is  the  ease  of  application  of  this  chemistry  to 
other  macrocyclic  systems  as  there  are  a  number  of  known  porphyrin  macrocycles  with 
chelated  silicon  which  could  be  potential  materials.  This  advantage  is  demonstrated  in 
the  synthesis  of  silicon  naphthalocyanine  methylmethacrylate  copolymers  similar  to  the 
silicon  phthalocyanine  series. 
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3,J  SYNTHESIS  OF  PHTHALOCYANINES 


3.2.1  GwMfHmt  PlitliakKyiniiics 

The  synthetic  ap{»roach  outlined  in  the  first  Inarim  rtports  give  mixtures  of  not 
only  isomers,  but  of  the  nature  of  the  groups  substituted.  Extemil  research  and 
development  funds  was  used  to  develop  a  direct  route  to  asymmemcal  donor  acceptor 
phthalocyanines  in  the  laboratories  of  Dr  Malcolm  £.  Kenney  of  Case  WesKm  Resm'c 
University.  He  has  developed  a  series  of  sub«ituted  phthalocyanines  which  cm  be  reacacd 
with  substituted  or  nonsubidtuted  1  >3-diiminoisoindolines  to  give  a  direa  synthesis  of 
asymmetrically  substituted  phthaJocyanines.  Hgine  31.  A  boron  »ibphthalocyaiunc  cm 
be  formed  by  the  reactioo  of  the  ipprx^mate  IJ-diiminoiioindolin'  txiron  trkhloritk. 
The  maUirial  cm  then  be  reacted  again  with  another  1  '^-  Juminoisoindolinc  to  give  the 
asymmetrical  unmetaliated  phthaiocymine  derivative.  This  is  a  direct  route  to 
asymmetrically  substituted  phthalocymines  vi  hich  can  V  o'cd  to  make  donor  acceptor 
{^thalocyanines  for  electrtMiptic  appliouions. 

A  synthesis  of  a  highly  orgmic  soluble  siliccm  phthalocyanine  was  carried  out  by 
the  modification  of  the  (xntral  silicon  atom.  A  group,  bismethoxyoctatkcylsilane,  which 
would  give  the  macrocycle  high  organic  solvent  solubtlity  was  clKisen  based  on  previous 
experimental  results.  The  synthesis  of  the  axial  substmited  sitkon  f^tthalocyanine  is  shown 
in  Figure  3.Z  Dihydroxysilicon  phthahxyanine  is  reacted  widi  octadecylorichlcxosilam:  in 
pyridine  to  give  bts(dichlorooctadecylsiloxy)siljcoo  phthalocyanine.  The  r»cti(m  mixnire 
is  then  reacted  with  methanol  to  give  bis(dimethoxyoctadecyUik}xy)si2ic(m  phtfialocyanine. 


3.2.2  Silicon  Phthalocyanine/McthylnicthicryUte  Copotymers 

The  synthesis  of  the  diacrylate  silicon  {^thalocyanine  copolymers  follows  directly 
from  dichlorosilicon  phthaiocymine  (a)  made  in  a  template  reaction  with  silicon 
tetrachloruie  and  hB-duminoisoindoUne,  Figure  3.3.  Tte  dichlodde  is  then  trotted  with 
sodimn  ocroxkle  to  form  the  bisoctoxy  silicon  jrfjthaJocyminc  (b)  which  then  can  be 
purified  by  recrystallization.  The  octoxide  is  that  hydrolyzt^  to  dihydroxy  silieem 
phthalocyanine  (c)  whkh  is  tlwn  reacted  with  methaciyloxyim^j^ldimethylchlororilane  to 
give  the  diacrylate  monomer  (d).  The  phthaiocymine  monomo’  is  then  polymoized  with 
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ChHj7(CHjO)jSI 


Figure  3.2  Synthesis  of  bis(dimethoxyoctadccylsaoxy)siUcon  phthalocyaninc. 
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•q,  ♦ 


Figure  3.3.  Synthesis  of  diacrylaie  silicon  phftalocyanilic/meihylinethacrylaic 

copolymers.  ^ 
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mcAylmetfiacrylate  in  chlorobenzene  using  AIBN  as  iyt  radical  initiator.  The  copolymers 
are  then  {xeciiataled  inm  m^ianol  to  give  the  final  product 

The  synthesis  of  the  monoacrylate  silicon  phthalocyanine  copolymm  also  follows 
directly  from  dichl(»t>$ilicon  phthalocyanine  (a).  Figure  3.4.  The  dichloride  is  reacted  widi 
tii-/i>hexyl  sodium  silanolate  to  form  bis(tri-n-lMxylsiloxy)  silicon  phthalocyanine  (e).  One 
group  is  then  selectively  hydrolyzed  using  trichloroacetic  acid/toluene  followed  by 
water^yridine  to  form  the  hydroxy(tn-n*hexylsiloxy)  derivative  (0-  The  hydroxide  is  then 
reacted  with  the  functionalized  silane  to  give  the  unsymmetrical  monoacrylate  silicon 
phthalocyanine  monomer  (g).  The  monomer  can  then  be  polymerized  under  similar 
ctHiditions  as  die  diacrylate  monomer  to  give  dte  copolymers. 


3.2.3  Silicon  Naphthaiocyanine/Methyimethacrylate  Copolymers 

The  synthesis  of  the  diacrylate  silicon  naphthalocyanine  copolymers  follows 
directly  from  dichlorosilicon  niq>hthalocyanine  (h)  made  in  a  template  reaction  with  silicon 
tetrachloride  and  l^'^liiminobenzOOisoindoline,  Figure  3.5.  This  procedure  is  khmtical  to 
the  procedure  developed  for  the  silicon  phthalocyanine  series.  The  dichloride  is  then 
treated  with  sodium  octoxide  to  foim  the  bisoctoxy  silicon  naphthalocyanine  (i)  which  dten 
can  be  recrystallized.  The  octoxide  is  then  hydrolyzed  using  HClAoluene  to  dihydroxy 
silicon  naphthalocyanine  (j)  which  is  then  reacted  with  methacryloxypropyl* 
dunediylchlorosUane  to  give  the  diacrylate  silicon  naphthalocyanine  monomer  (k).  The 
monomer  can  then  be  polymerized  under  similar  conditions  as  the  diacrylate  silicon 
phthalocyanine  monomer  to  give  copolymCTs,  however,  dry  distilled  pyridine  is  used  as  die 
solvent 
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Rgure  3.4.  Synthesis  of  monoaciylate  silicon  phdialocyanine^iiethylinethacryltte 
cqpolymers. 
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CHARACTERIZATION 


3.3.1  UV-VIs  SpectnKKMipy 

Previously  we  have  reported  on  the  characterization  and  evaluation  of  a  nun^r  of 
silicon  phdialocyanine  and  naphthalocyanine  methylmethacrylate  copolymm  [1,2].  In 
guest  ho^  structures  in  PMMA.  a  limited  solultility  of  the  guest  chrtnnophores  in  polymer 
matrix  was  observed  when  fabricated  by  a  solution  spin  coating.  As  reported  in  the 
previous  report,  the  broadening  of  the  strong  Q-Band  in  the  UV*Vis  spectra  (Figure  3.6) 
was  observed  with  increasing  dye  concentration  from  S  to  10  percent  The  data  suggest 
that  guest  host  systems  can  not  retain  sharp  absorption  bands  due  to  intermolecular 
association.  This  broadening  may  effect  both  the  optical  damage  and  the  optical  clarity  at 
the  desired  wavelengths  for  waveguide  devices  at  1.06  or  1.3  iim.  Covalent  bonding  of 
the  chitmtophoie  should  eliminate  crystallite  formation  which  causes  tiiese  effects  and  give 
materials  witii  hitter  concentrations  of  the  active  chromophme  without  significant  spectral 
broadening. 

In  silicon  phthalocyanine  methyln^thacrylate  copolymers,  tl»  UV>Vis  qrectra  of 
thin  films  show  a  slight  shift  and  broadening  of  the  strtmg  Q>band  witii  increasing 
phthalocyanine  concentration.  Figure  3.7.  This  is  due  to  increased  intermolecular 
intoractitms  at  higher  concentrations.  Solution  spectra  of  the  monimier  in  ethyl  acetate 
shows  a  band  maximum  at  670  nm  and  a  FWHM  value  of  12  nm.  All  of  tiie  copolymers  at 
ctmcentrations  of  20  %  by  weight  and  below  show  no  effect  on  the  band  position  and 
FWHM  for  both  the  diacrylate  or  monoacrylate  ct^lymers. 


3.3J1  Thennal  Characterization 

The  analysis  of  the  copolymers  by  differential  scanning  calorimetry  (DSC)  has 
shown  that  for  the  diacrylate  silicon  phthalocyanine/MMA  and  silicon 
naphthalocyanine/MMA  copolymers,  of  up  to  10%  by  weight,  the  glass  transition 
temperaturoi  are  only  slightly  higher  than  that  seen  for  polymethylmethacrylate  (lOS  **C), 
Table  3.1.  Thcae  is  little  or  no  effect  of  molecular  weight  or  dye  ccnicattration  on  the  glass 
transitimi  ten^ieratuie  which  is  due  to  the  leliutvely  low  amount  of  chromophoie  (<1  mole 
percent)  in  these  systems.  DSC  analysis  of  the  monomethacrylate  silicon 
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AbsortMince  (a.u.) 


Figure  3.6  UV<  Vis-NIR  absorption  spectra  of  different  concentration  guest  host  thin 
fUins,  copolymer  thin  fihm  and  SiPc(OSi(C6Hi3)3)2  in  solution. 
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Figure  3.7.  UV-Vis>NIR  spectra  of  various  concentrations  of  silicon  phthalocyanine 
methylmetbacrylate  copolymers. 
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phthalocyanine/MMA  copolymers  of  as  high  as  56%  by  weight  have  shown  that  at 
conoentradons  of  ~30%  or  lower,  the  glass  transidon  occurs  at  temperatures  much  lower 
than  that  seen  for  PMMA  with  no  other  transitions.  With  concentrations  of  higher  than 
-30%,  a  glass  transition  and  a  melting  transition  is  seen.  Table  3.2.  The  DSC  trace  of  the 
56%  by  weight  SiPc/MMA  copolymer  is  seen  in  Figure  3.8.  The  second  scan  in  the 
copolymers  that  initially  show  melting  transitions  only  show  glass  transitions.  This 
suggests  tfiat  the  copolymers  become  amorphous  after  being  heated  to  temperatures  above 
tl»  melting  transition  and  then  cooled.  As  the  concentration  of  the  active  chromophore 
increases,  die  amount  of  polymer  crystallinity  increases  which  effects  both  the  linear 
absorption  spectrum  and  the  nonlinear  response.  Linear  absorption  effects  appear,  as 
reported  earlier,  as  inhomogeneous  line  l»oadening  and  shifting  of  the  large  Q-band 
ateorption  at  680  nm  with  increased  tailing  of  the  band  into  the  near  infrared.  The 
nonlinear  response  efrects  are  seen  with  a  nonlinear  increase  of  with  increasing 
concentrations  of  the  active  chromopuc  e.  This  has  been  explained  by  exciton-exciton 
interactions  which  is  consistent  wit!,  an  increase  in  molecular  association  caused  by  the 
increased  crystallinity  in  the  higiier  concentration  copolymm. 
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Taupcratur*  (*C) 


Figure  3.8  DSC  trace  of  a  56%  by  weight  SiPt^MMA  copolymo’  showing  both  a  T] 
(100  ®C)  andTn,  (180  “Q. 


Table  3.1 


Silicon  Pbthalocyanine  Bismethacryiate  Copolymer  Data 


Composition^ 

(NMR) 

Tg 

CO 

Molecular 

Weight 

Mw/Mg 

2:98 

121 

41,000 

6:94 

124 

6:94 

112 

192,000 

4.5 

11:89 

129 

307,000 

10.4 

9:91 

117 

99,000 

5.1 

^  composition  SiPc  MonomeriMMA  monomer  is  weight  %. 


Table  3.2 

Silicon  Pbthalocyanine  Monometbacrylate  Copolymer  Data 


Composition^ 

(NMR) 

T. 

CO 

T 

‘m 

CO 

Molecular 

WeiRht 

Mw/Mb 

11:89 

92 

- 

21,000 

1.3 

15:85 

94 

- 

32,000 

1.7 

16:84 

98 

- 

31,000 

1.6 

18:82 

87 

- 

24,000 

1.4 

25:75 

73 

- 

20,000 

1.2 

40:60 

82 

190 

25,000 

1.4 

56:44 

100 

180 

25,000 

1.4 

‘  composition  SiPc  MonomerrMMA  monomer  as  weight  %. 
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3.3.3  Structural  Analysis  by  X-ray  and  Infrared  Spectroscopy 

In  order  to  investigate  further  the  structure  of  the  monomcthacrylatc  silicon 
phthalocyanine  copolymer  systems,  x-ray  powder  diffraction  was  performed  on  a  series  of 
copolymers  and  polymeAylmcdiacrylate  (PMMA).  A  sample  of  PMMA  (Aldrich,  very 
high  molecular  weight)  and  samples  of  the  18%,  40%  and  56%  by  weight  SiPc/MMA 
copolymers  were  scanned  using  a  copper  Ka  source  from  5  to  60  degrees  20.  The  results 
are  shown  in  Figure  3.9.  PMMA  appears  amorphous  with  two  tn-oad  bands  at  6.46  A  and 
3.00  A,  Table  3.3.  The  18%  by  weight  SiPc/MMA  copolymer  shows  a  similar  amorphous 
pattern  with  only  a  slight  shift  in  the  largest  band,  the  inter-chain  distance,  from  6.46  A  to 
5.86  A.  As  the  concentration  of  the  silicon  phthalocyanine  increases  to  40  and  56  percent, 
the  pattern  changes  significantly  showing  a  increase  in  crystallinity.  A  new  band  appears  at 
10.04  A  in  both  samples  which  becomes  more  intense  in  the  56  percent  copolymer.  The 
large  band  shifts  even  further  to  4.93  A  indicating  that  the  amorphous  component  is  more 
tightly  bound  Estimation  of  the  crystallinity  based  on  the  integrated  area  of  the  crystalline 
and  amorphous  peaks  gives  approximately  10  percent  for  the  40%  SiPc/MMA  copolymer 
and  approximately  19  percent  for  the  56%  SiPc/MMA  copolymer. 


Table  3.3 


Silicon  Phthalocyanine  Mmomethacrylate  Copolymer 
X-ray  Powder  Di^raction  Data 


I  Monomer  Composition^  Spacing  Spacing  Spacing 


(NMR) _ (A) _ (A) _ (A) 


PMMA 

- 

6.46 

3.00 

moiKmiethacrylaie 

18:82 

- 

5.86 

3.00 

monometh^ryiate 

40:60 

10.04 

4.93 

3.00 

montmtethacrylaie 

56:44 

10.04 

4.93 

3.00 

*  conqwation  StPe  Monomer-.MMA  monomer  «  weight  %. 
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X*niy  powder  diffraction  data  of  a)  PMMA  (Aldridi,  very  high  motecokr 
weight),  b)  20%  by  weight  SiPc/MMA,  c)  40%  by  weight  SiPc/MMA,  and 
d)  60%  weight  SiPc^fMA.  As  the  chromqf^tort  cc»ica)trati(») 
increases,  the  dtna  idtows  an  inctease  in  crytuMaity  of  copolymers. 


Analysis  of  a  series  of  silicon  phthalocyanine  copolymers  was  done  to  determine 
the  effects  of  the  polymer  strwture  on  the  infrared  absrnption  spectrum.  The  FT-infrared 
at»orption  spectra  of  the  18,  40.  and  56  percent  by  weight  SiPc/MMA  copotynnei^  as 
Nujol  nsills  are  shown  in  Figure  3. 10.  The  spectra  show  clearly  the  increase  in  intensity  of 
the  silicon  phthalocyanine  bands  at  1612  (aromatic  C»C),  1123.  1077,  1040  (Si-O-Si). 
910,  and  741  cm  '  with  increasing  chromophore  content.  The  presence  Si-O-Si  band 
confirms  tire  NMR  data  which  shows  no  cleavage  of  the  axial  ligands  in  the  synthesis  of 
these  systems.  Significant  narrowing  of  the  carbonyl  band  at  1732  cm  '  and  the 
polymethylmethacrylate  bands  at  1447, 1243  and  1 150  cm*’  also  occur.  This  is  consistent 
with  the  increase  in  crystallinity  of  these  copolynxars. 
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Hgiire3.10 


(b)  40  *  SiFWMMA. 
Speon shows 

flic  mcTcase  of  flic  SiPc  bands  aJong  with  St*0-5i  band  at  1040 
cm**. 
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3.4  CONCLUSIONS 


A  series  of  substituted  silicon  and  aiiuninum  phthalocyanines  has  been  made  to 
study  their  third  order  nonlinear  responses  [1.2].  A  nitro/amino  substituted  aluminum 
phthalocyuiine  has  been  prepared  along  with  mixtures  of  benzo  substituted  silicon 
phthalocyanines.  The  synthesis  and  characterization  of  the  benzo  substituted  silicon 
phthalocyanines  has  shown  that  these  materials  can  be  prepared  in  good  yield  and  diat  the 
isomer  content  along  with  die  major  abst^rption  bands  in  die  near  infrared  can  be  controlled. 

To  improve  both  the  physical  and  mechanical  propaties  of  the  phthalocyanine 
compounds  a  general  route  to  a  series  of  phthalocyanine  methylmethacrylate  copolymers 
was  developed.  These  materials  give  good  optical  quality  thin  rilms  by  the  techniqiK;  of 
spin  coating  which  is  necessary  in  the  development  of  waveguide  devices.  Analysis 
of  die  t^dcal  properties  of  diese  films  show  that  the  absotpdon  spectra  in  the  solid  state  are 
very  similar  to  the  soludon  spectra.  This  is  due  to  the  smaller  amount  of  aggregadon  of  the 
dye  molecules  in  die  solid  state  as  conqiared  to  a  guest  host  polymer  thin  film.  These  films 
also  show  areas  of  low  absorption  between  the  Soret  and  Q  bands  and  at  wavelengths 
longer  than  750  tun  which  allows  for  the  opportunity  to  develop  devices  at  these 
wavelengths.  These  copolymers  also  allow  fexr  a  higher  amount  of  the  active  material  to  be 
incorporated  into  the  film  as  compared  to  similar  systems  based  on  guest  host  polymer  diin 
films.  This  is  due  to  the  limited  solubility  of  the  dyes  in  both  the  spinning  solvents  as  well 
as  the  polymer  matrix.  The  development  of  the  side  chain  copolymo^  should  increase  the 
amount  of  dye  incorporation,  the  film  forming  properties,  and  the  solubility  of  the 
copolymers  in  common  organic  spinning  solvents. 

When  the  concentration  of  the  phthalocyanine  is  higher  then  approximately  30 
percent,  the  silieem  phthalocyanine  copolymos  exhibit  partly  crystalline  properties.  This 
crystallinity  has  been  observed  in  the  DSC,  X-ray  and  FT-IR  data  obtained  for  these 
systems.  Evidence  suggest  that  these  systems  become  amorphous  when  teated  above  the 
melting  point  which  should  influence  the  observed  degenerate  four  wave  mixing  results. 
This  then  may  show  a  linear  increase  in  the  third  order  nonlinear  response  of  these 
copolymna  as  weU  as  the  degenoate  four  wave  mixing  dynamics. 


IV.  NLO  CHARACTERIZATION  OF  THIRD 
ORDER  POLYMERS 


4.1  INTRODUCTION 

For  nonpoled  amorphous  polymers,  the  lowest  (Hder  nonlinear  optica!  effect  is  third 
order  in  tte  applied  optical  Held,  and  the  size  of  the  effect  is  dependent  on  the  size  of  the 
third  ordor  nonlinear  optical  susceptibility,  a  fouidi  rank  tensor  called  Thoe  has  been 
a  large  amount  of  interest  in  the  third  order  NLO  prt^erties  of  polyrrters,  since  it  is  believed 
that  the  majority  of  the  nonlinearity  present  in  polymer  systems  is  electronic  in  origin,  and 
can  therefore  be  very  fast  (femtosecond  response  times).  The  only  present  application  that 
could  use  anywhere  near  this  speed  is  ultrafast  switching  on  telecommunications  networks, 
and  even  in  this  case  a  need  will  probably  not  be  felt  for  5'10  years  or  so.  However, 
beyond  the  5  year  time  frame  and  into  the  farther  future,  or  all-optical  materials  may 
play  an  in^KXtant  role  in  such  diverse  areas  as  telecommunications,  optical  limiting,  parallel 
imrcessing  and  optical  computing. 

One  clear  advantage  of  working  with  polymer  materials  is  tiiat  poling  and  the 
questions  it  raises  about  thermal  stabiliQr  are  no  longer  issues.  Furthermore,  many 
applications  of  materials  can  be  addressed  by  materials  in  fiber  form,  which  is 
consistent  with  processes  that  have  previously  been  developed  at  HCX^.  A  disadvantage  is 
that  the  optical  power  handling  capabili^  of  the  material  should  be  much  better  than  for 
electnMqrtic  {q>plications,  since  hi^  powers  wiU  be  needed  for  switching  to  occur. 

The  purpose  of  this  work  is  to  present  several  sinq;>]e  dengn  rules  that  may  help  in 
tile  attainment  of  materials  with  large  as  well  as  desirable  secondary  propolies  and  to 
discuss  the  measurements  on  HCC  materials  and  materials  supplied  <  v  outside  contractors. 
We  hqpe  to  show  tiiat  for  amorphous  polymers  incorporating  chromophores,  the 
depends  primarily  on  chromophore  loading  and  the  strength  of  the  chromophore,  as  one 
would  expect  from  a  simple  model.  A  nunriia’  of  differait  systems  are  discussed  in  detail 
including  side-chain  electro-optic  polymers,  side  chain  5-  aiKl  3-ring  polymers,  guest/host 
porphyrin  derivatives,  and  side  chain  polymers  incorporating  phthalocyanines  and 
niqihthalocyanines. 
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DEGENERATE  FOUR  WAVE  MIXING 


Degenerate  four  wave  mixing  (DFWM)  in  the  conventional  phase-conjugate 
geometiy  (Figure  4.1)  was  used  to  perform  the  measurements  on  thin  film  samples  of  the 
copolymers  cast  onto  glass  slides.  The  laser  pulses  used  for  the  experiment  were  1-2  psec 
long,  S98  nm  wavelengdi,  repetition  rate  of  10  Hz,  and  maximum  pulse  energy  densities  at 
the  sample  of  about  1  mJ/cm^.  The  diagonal  component  of  the  thud  order  nonlinear 
susceptibility  Xuii  measured  by  studying  the  intensity  dependence  of  the  phase 
conjugate  signal  as  a  funcdon  of  input  laser  intensity.  In  some  cases  the  off-diagonal 
component  Xi^i  tdso  measured,  in  which  case  the  backward  going  pun^  beam 
polarization  and  the  signal  polarization  were  perpendicular  to  the  polarizations  of  the  other 
two  beams.  Achromatic  polarization  rotation  was  achieved  by  a  simple  arrangement  using 
two  consecutive  dichroic  sheet  polarizers  at  45  degrees  to  one  another  (see  Figure  4.1). 
One  expects  that  the  {4iase  conjugate  intensity  should  go  as  dte  cube  of  the  intensity  input  to 
the  DFWM.  but  this  simple  law  may  not  hold  because  of  factors  such  as  light  scattering, 
saturation  of  the  nonlinearity  or  two-photon  absorption.  When  an  appropriate  method 
could  be  found  to  extract  the  cubicly  varying  portion  of  the  nonlinearity  the  following 
expression,  iq>prQfiriate  for  thin  film  samples,  was  used  to  determine 


Xjsl. 

jj(3)  c  _  g-asLs)  \  Cr 


(I) 


where  n^  and  n|{  are  the  refractive  indices  of  the  sample  aixi  the  reference  (100  pim  of 
carbon  disulphideX  and  the  lengths  of  die  satiate  and  referoice,  respectively;  O;;  die 
id)s<»ption  coeffictent  of  the  sample,  and  C5  arid  Cj^  the  sample  and  reference  cubic 
confidents.  Data  were  often  fit  in  a  number  of  different  ways  to  test  the  sensitivity  of  the 
fitting  coefficioits  to  the  particular  model  for  the  nonlinear  response.  In  cases  where 
significant  discrepandes  occurred,  fitting  coeffidents  from  several  representative  models 
were  averaged.  In  comparison,  die  statistical  error  of  the  data  was  generally  neglipde. 

For  dme'domain  measurements  of  the  DFWM  response  die  b^kward-gdng  beam 
(attenuated  widi  rnqiect  to  the  other  beams  by  at  least  a  factor  of  4)  was  {nogiessively 
delayed  widi  rei^iect  to  the  dher  two  beams.  The  idiase  conjugate  signal  anqilitude  was 
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DEGENERATE  FOUR  WAVE  MIXING  EXPERIMENT 


Hgure  4.1.  Experimoital  setup  for  degenerate  four  wive  mixing  experiment 
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then  itcOTded  as  a  function  of  this  delay.  In  diis  case,  the  dynamics  of  the  grating  formed 
by  die  two  forward-going  beams  are  probed  by  the  backward  beam,  which  is  attenua^  to 
avoid  additional  effects  owing  to  gratings  formed  between  it  and  the  other  two  beams.  In 
the  singles!  cases  the  signal  S  was  analyzed  by  Htting  the  data  to  a  sum  of  instantaneous 
and  noninstantaneous  components 


SCtp)  *  Aexp(-tj/0.91psec)  +  Bcxp(-2tp/t,),  ^  >  0  (2) 

where  t^  is  the  delay  of  the  backward  going  beam  with  respect  to  the  time  origin,  A  and  B 

are  the  fractkms  of  die  response  that  are  instantaneous  and  non-instantaneous,  respectively, 
and  is  the  decay  time  of  the  non-instantaneous  re^nse.  The  instantaneous  response  of 

the  system  was  determined  by  measuring  the  DFWM  signal  from  a  thin  film  sample  of  a 
copolymer  of  4-amino-4'-nitrostiIbene  with  methyl  methacrylate,  which  is  a  completely 
nomesonant  response  at  598  nm.  An  inherent  assunqition  in  (2)  is  that  the  data  is  not 
significantly  effected  by  interference  between  the  instantaneous  and  noninstantaneous 
components  of  die  grating;  this  is  not  the  case  if  die  decay  time  is  nearly  the  same  as  the 
pulse  length.  Often  the  data  could  not  be  accurately  fit  by  (2),  in  which  case  an  additional 
con^nent  was  included  that  provided  for  an  excited  qiecies  widi  a  lifetime  much  longer 
than  the  time  scale  of  the  experiment 
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4.3  SILICON  PHTHALOCYANINE  COPOLYMERS 
4.3.1  Introduction 

Quantum<coiifiiied  systems  are  known  to  exhibit  exceptionally  strong  and  narrow 
optical  resonances,  as  witnessed  in  quantum  wells,  wires  and  dots  in  semicomiuctor 
materials.  A  molecular  system  with  a  well-defined  dimensionalii^  is  obviously  analogous 
to  such  quantum-ctmfined  systems,  with  the  major  difference  being  that  the  density  of 
electronic  states  in  the  molecular  system  is  a  series  of  delta  functions,  unlike  the  band  that 
exists  in  semiconductor  systems.  Cyclic  (2-D)  conjugated  molecular  systnns  are  known 
that  demonstrate  extremely  large  and  sharp  absorption  bands  in  the  visible  and  near- 
inhrared,  namely  the  porphyrin-phthalocyanine-napthalocyanine  series  of  molecules, 
dq>icted  in  Figure  4.2.  The  position  of  the  first  excited  statt,  dubbed  the  Q-band,  shifts  to 
the  red  as  the  fundamental  structure  increases  its  conjugation;  a  fimher  effect  is  an  increase 
in  oscillator  strength.  These  molecules  have  been  of  interest  for  some  time  owing  to  their 
extreme  chromophoric  intensity,  their  presence  in  biological  systems,  and  their  high 
su^ty  to  i^totooxidative  and  thermal  decay. 

There  have  been  a  number  of  reports  on  the  third  order  nonlinear  optical  properties 
of  ptxphyrin  doivatives,  which  are  two-dimensi(»ial  tc-conjugated  macrocyclic  molecules 
[5,6,17].  They  are  attractive  because  of  their  relatively  large  sharp  absorption  bands 
in  the  visible  and  near-infrared  that  can  be  used  for  resonance  enhancement  of  easy 
(feiivatization  and  central  metal  substitution,  and  excellent  chemical  and  thomal  stabilities. 
However,  most  of  these  reports  involve  degenerate  four  wave  mixing  (DFWM) 
measuranents  on  solutions  of  porphyrins  at  low  concentrations  (10*^  M)  with  subseqiwnt 
extrapolation  to  what  the  solid  state  properties  might  be  [6],  or  measurements  on 
polyciyaalline  films  diat  are  not  viable  toxical  device  materials  [9]. 

Calculations  have  shown  that  the  nonresonant  value  of  should  be  smaller  in 
cyclic  conjugated  structures  than  in  linear  conjugated  structures  of  the  same  conjugation 
length,  as  a  result  of  the  increased  dimensionality.  However,  this  iiKxeased  dimensionality 
also  results  in  incratsed  sharpening  and  intensity  of  the  absorption  band,  thereby  malting 
such  systems  viaUe  as  saturable  absorbers  and  as  resonantly  enhanced  media. 
Indeed,  a  number  of  measurements  have  been  done  on  a  variety  of  phthalocyanines 
showing  the  restmance  enhancement  has  a  large  effect  ra  the  as  measured  by  third 
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hannonic  generation  and  by  degenerate  four  wave  mixing.  Furthermore,  the  excited  state 
nonlinearities  in  these  systems  have  received  a  good  deal  of  study  and  interest. 

Progress  has  been  made  in  making  these  chromophores  more  soluble  [S],  and  also 
incorporating  diem  in  polymers,  so  that  diin  film  structures  of  high  quality  have  be(»i  made. 
Furthermore,  the  near  infrared  absorption  of  these  materials  is  small  compared  to  the  Q- 
band  absorixion.  The  molecular  absorbance  of  solubilized  silicon  n^thalocyanine  (SiNc) 
versus  wavelength  out  to  13S0  nm  was  measured  by  infinite  dilution  studies  of  the 
molecule  dissolved  in  dichloromethane.  The  results  did  not  fit  a  Lorentzian  indicating  that 
the  absorption  line  is  significantly  inhomogeneously  broadened,  as  has  beoi  discussed  for 
the  solid  solution  case.  By  making  the  environment  of  the  chrcnnophores  as  homogeneous 
as  possible,  the  narrowest  spectra  can  be  obtained  and  thus  the  largest  resonance 
enhancement  and  figure  of  merit.  This  is  difficult  to  achieve  in  guest-host  systems  because 
at  concentrations  of  die  guest  that  are  high  enou^  for  appreciable  nonlinear  optical  effects, 
aggregation  of  guest  molecules  generally  results,  leading  to  broadening  of  the  absorption 
line.  However,  by  covalendy  bonding  the  chromophore  to  a  suitable  polymer  chain  the 
homogeneity  can  be  significandy  increased,  thereby  increasing  the  molecular  figure  of  merit 
within  the  two-level  model.  Furthermore,  these  ct^lymers  can  have  the  same  advantages 
that  the  guest  host  systems  have  in  terms  of  fabricability  (uniform  thin  films  by  spin 
coating)  and  increased  chemical  stabUity. 


4.3 J.  Comparison  of  Guest/Host  Systems  with  Phthalocyanine  Copolymers 

To  investigate  the  role  of  excited  state  population  effects  and  dettamine  the  role  of 
the  environment  of  the  chromophores,  we  performed  DFWM  measurements  on  two  guest 
host  systems  and  a  copolymer,  measuring  both  the  magnitudes  of  the  nonlinearity  for 
several  different  tensor  components  as  well  as  the  dynamics  of  the  nonlinearity.  The 
structures  of  the  two  molecules  in  the  guest/host  systems  and  of  the  ct^lymer  are  shown 
in  Figure  4.3,  and  the  specific  compositions  of  the  thin  films  (with  chromophore 
incorporation  sp^ified  by  weight  %)  were  5%  magnesium  octaphenyl-tetraazaporphyrin 
(Mg:CMPTAP)  /polymethylmethacrylate  (PMMA)  guest/host,  10%  silicon  phthalocyanine 
(SiPc)  mcmonnerAnethylmethaciylate  (MMA)  cqiolymer,  and  30%  silicon  najdidialocyanine 
(SiNc)  /PMMA  guesi/host  This  SiPc/MMA  copolymer  is  a  cross-linked  system  with  die 
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Figure  4.3  Structures  of  (a)  magnesium  octaphenyl  tetraazq)oiphyrin,  (b) 
silicon  phthalocyanine  Insaciylate  copolymer  an^  (c)  silicon 
ni^hthalocyanine. 
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chromophore  as  a  cross-linking  agent,  and  as  such,  at  high  chromophore  concentrations  (> 
10%  )  thin  films  formed  from  die  polymera  are  increasingly  brittle.  The  films  were  formed 
by  spin  coating  onto  glass  or  quartz  substrates,  and  were  of  high  uniformity  and 
mechanical  strength.  Copolymer  films  were  of  at  least  the  same  quality  as  guest/host  films 
for  the  10%  SiPc/MMA  copolymer.  The  UV-VIS  absoiption  spectra  of  thin  films  of  the 
three  systems  are  compared  in  Figure  4.4,  demonstrating  die  large  shift  in  the  Q-band 
absorption  maximum  in  progressing  from  Mg:OPTAP  to  SiNc;  all  curves  were  normalized 
to  give  the  same  Q-band  peak  intensity.  These  absorption  lines  are  among  the  narrowest 
and  most  intense  to  be  found  in  organic  materials,  with  the  absorption  coefficient  of  the 
30%  SiNc/PMMA  guest/host  being  about  2  x  10^  cm'^ 

Another  attractive  feature  of  these  materials  (especially  10%  SiPc/MMA  copolymer 
and  30%  SiNc/PMMA)  is  that  they  have  a  large  transparency  window  in  the  visible  that 
may  provide  windows  of  low  two-photon  absorption  for  near  infrared  (1.06  |im  or  1.3 
pm)  device  operation;  SiNc  has  already  been  shown  to  have  a  low  absorption  coefficient  (< 
0.2  cm'^  at  10%  in  solution  at  1.3  pm).  A  disadvantage  to  highly  loaded  guest/host 
systems,  such  as  the  30%  SiNc/PMMA  is  their  tendency  toward  the  creation  of 
microcrystallites  of  the  host  chromophore,  as  evidenced  by  broadening  and  shifting  of  the 
Q-band;  covalent  incorporation  of  the  chromophore  on  a  polymer  chain  reduces  this 
tendency  as  shown  below. 

measurements  were  performed  using  DFWM  in  the  phase  conjugate 
geometry;  both  and  components  were  measured.  All  measurements  were  done 
in  die  small-signal  regime,  although  even  in  this  regime  deviatitm  from  cubic  behavior  was 
obsoved  for  the  Mg:OPTAP  sample,  and  fitting  the  signal  to  a  function  of  the  form  S  = 
yielded  values  of  b  less  than  2.  This  result  comes  from  saturation  of  die  nonlinearity  in 
MgrOPTAP  at  low  powers,  since  the  exciting  wavelength  is  only  30  nm  from  the  of 

the  chromophore.  Indices  of  refraction  for  the  thin  films  were  estimated  using  a  Kramers- 
Kronig  analysis,  absorption  coefficients  were  determined  by  UV-VIS  spectrophotometry, 
and  thicknesses  wore  found  by  surface  profUometry.  A  summary  of  the  properties  found 
for  each  of  die  thin  film  systems  is  given  in  Table  4.1,  where  we  see  that  die  10% 
SiPc/MMA  copolymer  has  a  larger  than  the  30%  SiNc/PMMA  guest/host  owing  to  the 

effects  of  resonance  enhancement  of  the  nonlinearity  and  real  excitation.  The  faa  that  the 
ratio  of  the  tensor  conqxments  for  all  cases  is  close  to  three  -  3)  suggests  that 

die  nonlinearities  are  predominantly  electronic,  although  they  are  not  noniestxiant 
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ABSORBANCE  (A.U.) 


WAVELENGTH  (nm) 

Figint  4.4  l^-Vis  spectra  of  materials  whose,  structures  arc  shown  in 

Figure  4.3. 
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Table  4.1  Linear  and  Nonlinear  Optical  Properties  of  Tbin  Film  Sam|4es 


Maaarial 

LOim) 

n  (X  »  598  nm) 

oL 

XxSm  (10  “esu) 

Xyiiy  <10  "  esu) 

MgrOPTAP 

5%inPMMA 

3.12  ± 
0.08 

1.480 

0.17 

1.17 

0.303 

SiPc/MMA  10% 
Copolymer 

2.41  ± 
0.05 

1.420 

1.94 

9.4 

3.24 

Sif*  30%  in 
PMMA 

2.63  ± 
0.05 

1.434 

0.41 

2.09 

0.61 
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^ngast  4.5  demon^ntes  the  time  domain  results  for  dvree  thin  film  saRi|)k»,  and 
these  data  were  fit  to  (4.2).  Table  4.2  summarizes  the  coefficients  and  response  times  for 
the  three  different  polymer  systems,  and  shows  that  the  Mg.OPTAP  system  has  a  much 
lanser  non-instantaneous  response  than  the  other  two  systems,  ami  can  in  fact  be  fit  to  a 
single  exponential  decay  (A  «  0  in  (4.2)).  Hie  SiNc/PMMA  guest/host  system  could  not 
be  fitted  adequately  by  (4.2),  but  could  be  fitted  if  a  very  long-lived  exponentially  decaying 
component  was  added.  If  tl^  lifetime  of  this  additional  portion  of  the  response  was  taken 
to  be  1  nsec,  tiien  the  corresponding  coefficient  C  was  0.435,  while  the  other  parameters 
arc  as  given  in  Table  4.2.  By  contrast,  the  SiPc/MMA  copolymer  response  can 
becompletely  fit  by  (4.2),  and  the  non  instantaneous  response  time  is  similar  to  that  of  the 
fast  portion  of  die  SiNc/PMMA  non-instantaneous  decay. 

The  origin  of  the  fast  resonant  response  is  likely  to  be  an  interaction  between 
neighb(»ing  excited  molecules,  such  as  an  exciton-exciton  interaction  [19].  Since  the 
spontaneous  singlet  decay  times  of  porphyrins  in  solution  have  been  measured  to  be  several 
nanoseconds,  the  long  lived  response  in  SiNc/PMMA  can  be  attributed  to  the  singlet 
lifetime  that  is  not  significantly  shortened  in  the  goeWhost  polymer  environment,  which  is 
consistent  with  die  exciton-exciton  relaxation  mechanism  since  the  excitation  density  in  this 
material  is  about  5  times  smaller  than  in  the  SiBc/MMA  copolymer  at  598  nm  (see  Table 
4.1).  Similarly,  the  lifetime  in  the  MgrOPTAP  guest/bost  is  even  longer  because  the 
excitaticHi  density  in  this  case  is  12  times  smaller  than  in  the  SiPc/MMA,  which  means  that 
the  excited  chrotiK^hores  are  much  more  isolated  fiom  one  anotbo*. 

Concerning  dw  possible  waveguide  (kvice  utility  of  these  materials,  we  noi»  duu 
the  copolymer  form  prevents  the  formation  of  microcrystallitcs,  which,  as  mentioned 
earlier,  usually  obtain  in  high  concentration  guest/hosts,  and  this  significantly  narrows  the 
alKorption  band  for  systems  with  the  same  dye  loading.  Figure  4.6  shows  this  effect  for  a 
series  of  SiPt^MMA  copolymer  and  guest/host  systems,  clearly  denxHistrating  the  I^ikI 
narrowing  in  the  copolymer  case.  This  band  narrowing  is  crucial  for  applications  of  the 
material  off  resonance,  since  the  figure  of  merit  n2/aX  increases  with  decreasing  band 

breadth.  FurthimTiore,  the  copolymer  fonn  will  have  less  scattering  than  a  guest/host  of  the 
same  loading  because  of  its  increased  homogeneity.  We  now  proceed  to  a  more  careful 
investigation  of  a  s^s  of  SiPt  copolymers. 
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Figure  4.S  Picosecond  resolved  DFWM  response  of  the  thin  film  stmple. 

showing  rapid  decay  of  10  %  SilH^^iMA  copolymer  response. 


Table  4J  Fitting  Coefficients  for  DFWM  Response 


Material 

A 

fi 

C 

t,(psec) 

Mg:OPTAP5% 

inPMMA 

0.03  ±  0.05 

0.99  ±0.02 

— 

44.1  ±2.3 

SiPC/I^IMA 

10% 

G^lymer 

0.27  ±  0.03 

0.76  ±0.02 

— 

15.3  ±  0.40 

SiNc  30%  in 
PMMA 

0.21  ±0.03 

0.33  ±  0.01 

0.435  ±  0.02 

16.2  ±  2.1 
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Fisure  4.6  Comparison  of  SiPc/MMA  cqiwlymer  and  SiPc  guesVh^ 

mean:  full  width  half  maximum  of  the  copolymer  is  0.033 
eV,  that  of  the  10  %  guestAiost  is  0.07  eV. 
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4^.3  Silicon  Phthaiocynnine  Coployniers 

Over  die  past  few  years  we  have  succeeded  in  synthesizing  sevmi  new  classes  of 
pcnphyrin  uiCOTporated  polymers,  in  particular  mono-  and  l^-methacrylate  copolymers  of 
silicon  phdialocyanine  (SiPc).  The  initial  investigations  on  one  of  thesecopolymers  were 
describoi  above.  To  gain  further  understanding  into  the  mechanisms  for  the  optical 
nonlinearity  in  these  copolymm,  a  series  of  copolymers  with  different  chromophore 
incorporations  was  investigated.  The  nonlinear  optical  measuremmts  on  these  systems  at 
S98  nm  ctmcentrate  on  the  effects  of  excited  state  populatitm  on  the  response  times  of  a 
series  of  ct^lymers  of  differing  chromophore  incorporation.  At  low  SiPc  concentrations 
(<1  mole  percentage)  the  bis-methacrylate  copolymers  woe  used,  while  at  concentrations 
higher  than  1  mole  %  only  the  mono-methacrylate  copolymers  could  be  synthesized  as 
tractable  polymers.  As  shown  below,  measurements  of  1  mole  %  SiPc  bis-  and  mono- 
methacrylate  copolymers  show  nearly  identical  nonlinear  optical  prt^rties  for  these  two 
systems,  validating  the  ctxnpatison  of  the  low  and  high  concentraticm  polymos. 

Figure  4.7  shows  the  abs(»ption  coefficient  of  the  copolymers  at  598  nm  as  a 
function  of  mole  %  and  a  relatively  good  line  is  obtained.  Deviations  from  linearity  can 
come  from  slight  band  shifting  and  broadening  that  occur  as  the  chromophore  concentration 
is  increased  as  was  discussed  in  Section  33.  These  results  show  duu  interactions  between 
SiPc  chromophotes  in  their  ground  state  in  die  copolymo’  have  only  a  marginal  effect  on 
die  optical  prc^ieities  of  the  material 

For  these  polymers  both  Xi  ni  Xmi  measured  and  the  results  are  shown 
in  Hgures  4.8  and  4.9  where  we  plot  the  measured  nonlinear  optical  suscqitibility  versus 
SiPc  mole  percentage  for  the  series  of  copolymers.  The  off-diagonal  component  is 
cmisiderably  smaller  than  the  diagonal  conrqiooent  in  all  cases,  roughly  by  a  factor  of  three. 
We  mention  that  fitting  of  the  data  to  the  standard  cubic  imensi^  dependence  was  difficult 
in  most  cases,  since  the  actual  intensi^  dependence  ^ipeared  to  be  closer  to  quadratic  than 
culnc,  exc^t  at  low  intensities,  as  would  be  expected  for  a  resonant  process  near 
saturation.  In  this  case  the  cube  root  of  the  signal  was  plotted  versus  intoisi^  and  the 
fitting  was  cutoff  at  that  point  where  deviation  from  linearity  be^.  An  intoesting  feature 
of  Figures  4.8  and  4.9  is  that  in  both  cases  the  increase  of  the  nonlinearity  with 
cfarom(^dK»e  Icmding  appears  to  be^  to  saturate  at  a  loading  of  approximiuely  6%  (molar) 
of  the  SiPc  chranophore.  As  discussed  further  below,  this  result  appears  to  be  consistent 
widr  a  res<»iaitt  tKmlinettiQr  with  a  predominandy  bimolecular  decay  mechanism. 
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Rgure  4.7  Abs<»ption  coefficient  at  598  nin  vs.  mole  %  of  SiPc  monomer  in 
ct^lymer 
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Figure  4.9  x^i  of  the  SiPc  copolymers  vs.  SiPc  monomer  concentration 


To  onderstand  better  the  role  of  interactions  between  the  SiPc  monomers,  we 
studied  the  propCTties  of  a  10%  by  wci^t  guest/host  SiPc/PMMA  thin  film,  a  10%  by 
weight  (SiPc  monomer)  mono'methacrylate  and  a  10%  by  weight  bis-methacrylate 
copolymer.  The  properties  of  the  three  samples  are  given  in  Table  4.3,  where  we  see  that 
the  nonlinearity  for  the  copolymer  samples  is  more  than  three  times  that  measured  in  the 
guest/host  san^le  of  die  same  by  weight  loading.  Since  the  dominant  mechanism  for  the 
nonlinearity  in  the  SiPc  chromophore  at  these  wavelengths  is  excited  state  population,  one 
would  expect  that  and  the  linear  absorption  coefficient  would  be  directly  related,  and 
this  is  indeed  the  case.  Notice  also  that  the  ratio  of  the  tensor  components  for  the 
copolymers  is  larger  than  for  the  guest/host,  presumably  because  the  guest/host  system  has 
a  larger  instantaneous  portion  of  the  nonlinearity  (whm  the  ratio  should  be  nearly  duee). 

Dynamical  DFWM  data  for  Xn\i  on  the  three  10%  by  weight  systems  are  shown 
in  Figure  4.10,  and  a  considerable  difference  between  the  guest/host  and  the  copolymers  is 
observed.  If  we  modify  the  function  given  in  (2)  so  that  a  long-lived  component  of  the 
response  can  be  included  we  have 


S(^  *  Acxp(-ti3/D.91)  +  Bexp(-2^tj)  +  Cexp  (-^500),  ^  >  0  (3) 


wboe  C  is  that  fraction  of  the  response  that  shows  no  measuraUe  decay  over  the  time  scale 
of  the  measurement  and  the  other  variables  are  as  defined  above.  If  the  data  of  Figure  4. 10 
is  fit  to  (3)  the  frtting  coefficients  given  in  Table  4.4  are  obtained.  Here  we  see  that  the 
copolymer  systems  exhibit  primarily  a  single  exponential  decay  with  small  instantaneous 
and  long  tune  fractions,  while  the  guest^ost  sample  has  a  much  larger  fraction  of  its 
re^nse  dominated  by  a  long  time  component,  which  is  presumaUy  due  to  tite  population 
of  a  long  lived  excited  state  either  in  the  SiPc  chromophore  itself  or  in  dimers  or  trimers 
farming  when  die  chromophores  closely  associate.  In  one  model  of  SiPc  ring  interaction, 
the  mergy  level  diagram  completely  changes  between  the  monomer  and  dimer  states  [16]. 
The  present  data  is  consistent  with  the  majoriQr  of  the  nonlinearity  at  this  wavelengtii  being 
due  to  an  excited  state  grating.  In  the  solution  state,  the  excited  state  lifetime  of 
phdialocyanine  is  greater  than  one  nanosecond,  and  thus  the  rapid  decay  seen  in  the 
polymer  matrix  is  the  result  of  the  interaction  of  the  chromophore  with  the  polymer  matrix 
itself  or  with  neighboring  chronx>ph(»es. 
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DFWM  Signal  (A.  U.) 


DeiajTiiDe(jpsec) 


Hgure  4.10  DFWM  dynamics  for  a  10%  weight  guest/host  sanq>le  and  die  two  10% 
by  weight  polymers,  evidencing  the  jaxmounced  slow  decay  conqxinent  in 
die  goek/host 
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Table  4.3 


Optical  and  Nonlinear  Optical  Properties  of  10%  by  Weight  SiPc 
Guest/Host  and  Copolymer  Films 


San^le 

a 

(Hm'h 

L 

(pm) 

y(3) 

*1111 

(lO’^^csu) 

X?2>Z, 

(10"esu) 

10%  Guest^ost 
SiPc/MMA 

0.29 

1.297  ± 
0.008 

2.57 

1.04 

10%SiFC/MMA 

Bis-methaciylate 

0.81 

2.41  ± 

0.05 

9.4 

3.24 

10%SiI\;/MMA 

0.70 

0.801  ± 

9.51  ± 

2.29  ± 

M(mo-inethacrylate 

0.016 

1.03 

0.25 

Table  4.4 

Fitting  Coefficients  for  DFWM  Dynamical  Data  on  10%  by  Weight  SiPc 
Guest/Host  and  Copolymer  Films 


■mH 

B 

C 

T,(psec) 

10%  SiPc/PMMA 
Guest^ost 

0.262  ±  0.023 

0.563  ±  0.015 

0.192  ±  0.003 

12.88  ±  0.55 

10%SiPc/MMA 

Bis-methaciylate 

0.166  ±0.018 

0.782  10.011 

0.062  ±  0.005 

11,2110.33 

10%SiPc/MMA 
■  Mo^methaCTylate, 

0.092  ±  0.004 

0.887  ±  0.036 

0.055  ±  0.006 

9.07  ±  0.48 
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We  can  calculate  the  peak  population  density  of  the  excited  state  gradng  using  the 
(^>tical  density  of  the  film  and  the  intensity  of  the  beams  forming  the  excited  state  grating. 
Taking  this  intensity  to  be  500  MW/cm^,  for  the  10%  mono-methacrylate  sample  (oL  = 
0.S6)  we  calculate  a  peak  pofHiladon  density  of  approximately  S  x  10 ‘^/cm^.  This  gives  an 
average  separadon  between  excited  centers  of  approximately  27  A,  which  compares  with  a 
neighbor  to  neighbor  SiPc  monomer  separadon  that  is  calculated  to  be  about  20  A. 
Therefore,  it  is  very  likely  that  neighboring  molecules  are  simultaneously  excited,  leading 
to  possible  cooperative  decay  mechanisms  such  as  exciton-exciton  annihilation,  as  has  been 
previously  suggested.  This  is  also  consisutnt  with  the  larger  long  lived  component  in  the 
SiPc  guest/host  case  since  the  absorption  coefficient  is  nearly  three  times  less  at  598  nm 
than  in  the  copolymers,  leading  to  a  lower  population  density  of  excited  centers  and 
therefore  a  low  probability  for  exciton-exciton  decay.  The  origin  of  the  lower  absorption 
coefficient  is  both  reduced  oscillator  stroigth  and  band  shifting  in  the  guest  host  sample,  as 
well  as  agglomeration. 

If  the  exciton-exciton  annihilation  model  is  correct,  then  one  should  see  a  decreased 
lifetime  of  the  excited  state  nonlinearity  as  the  loading  of  the  SiPc  monomer  in  the 
cq)olymer  is  increased.  This  is  indeed  observed  as  shown  in  Figure  4.1 1,  where  we  plot 
the  DFWM  dynamics  (Xmi)  for  a  scries  of  copolymers  (listed  by  weight  %  loading)  and 
include  the  response  furtetion  of  the  DANS/MMA  copolymer  as  a  reference.  The  origin  of 
time  has  been  set  equal  in  all  cases  for  easy  graphical  comparison,  although  there  were 
slight  shifts  in  the  time  origin  owing  to  die  similar  magnitudes  of  the  laser  pulse  length  and 
the  excited  state  relaxation,  which  is  also  dependant  on  loading. 

There  is  one  apparent  exception  to  the  trend,  which  is  exhibited  by  the  60%  by 
weight  (12  %  molar)  SiPc  copolymer.  However,  detailed  fitting  of  the  data  using  (3) 
shows  that  the  origin  of  the  increased  lifetime  in  this  case  is  caused  by  an  increased  fiaction 
of  very  long  lived  qiecies,  not  by  a  change  in  the  lifetime  of  the  fast  decaying  component 
Tliis  is  ^own  in  Figure  4.12  where  we  plot  the  fast  response  time  voaus  SiPc  monomer 
%.  We  see  that  the  increase  in  the  fast  decay  rate  for  the  copolymers  saturates  at  1  mole  %, 
which  is  consistent  with  the  calculation  we  performed  above  that  indicates  that  die  exciton 
denaty  would  be  close  to  saturated  at  this  point  This  explains  why  there  is  litde  difference 
between  the  decay  curves  for  copolymos  with  SiPc  loadings  greater  than  1  mole  %,  except 
for  the  12  mole  %  case.  However,  it  has  been  shown  in  the  materials  section  that  this 
cqiolymeT  begins  to  exhitnt  significant  band  broadening  and  shifting,  so  that  the  difierence 
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DFWM  Signal  (A.  U.) 
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Figure  4. 1 1  DFWM  dynamics  for  series  of  SiPc/MMA  copolymers;  the  ultrafast 
response  of  a  DANS/MMA  copolymer  is  shown  for  con^raiison. 


• 

P2ANS/mA  60/40 

e 

□ 

SlPc/MMA  1/99 

* 

9 

O 

SIPC/MMA  5/95 

A 

2» 

X 

SiPc/MMA  10/90 

•g 

o 

+ 

SIPc/MMA  20/80 

So 

.  ^S6 

o 

O  *  »  .  Ban-. 

A 

SIPc/MMA  40/60 

a 

SIPc/MIiA  60/40 

57 


Response  Time  (psec) 


may  be  due  to  spectral  changes  or  even  the  emer^nce  of  a  new  excited  state  q^ecies  that  is 
at  too  low  a  ooncentradon  to  decay  by  way  of  exciton-exciton  annihilation. 

C(»iq>lete  analysis  of  the  dynamical  data  could  be  petfonned  using  a  rate  equation 
analysis  for  the  excited  state  population  If  we  assume  the  presence  of  a  bimolecular 
decay  process  as  well  as  the  usual  monomolecular  decay,  we  may  write  the  following  rate 
equation 


^  *<No-N„)Ol(r..)-k,N„-kjN/,  (4) 

where  Nq  is  the  ground  state  population,  c  the  molecular  absorfHion  coefficient,  l(r.t)  the 
exciting  pulse  intensity,  kj  the  unimolecular  decay  rate,  and  k^N""  the  effective 
bimolecttlar  decay  rate  at  the  maximum  excitation  density  obtained.  (4)  has  been  used  by 
Casstevens,  et  al,  to  analyze  DFWM  results  on  Langmuif'Blodgett  films  of  SiPc 
derivatives  and  evaporated  films  of  metal  free  phthalocyanine  [19],  However,  in  the 
I»«sent  case  one  must  also  consider  the  possibility  of  «mergy  transfer  down  the  polymer 
coil  between  excited  species,  as  is  well-known  in  polymer  photophysics  [20]. 

This  leads  to  the  question  of  what  the  actual  mechanism  is  f<xr  the  excited  state 
annihilation.  The  simplest  possibility  is  Fbrster  annihilation  in  which  two  proximate 
excited  molecules  E*  and  E*  undergo  the  following  reaction  [21] 


E*  +  E*  =:»£•* +G  (5) 

wl^re  E**  is  a  higher  excited  state  of  the  molecule  and  G  is  the  ground  state.  The  Ffh^ter 
model  predicts  that  the  rate  of  annihilation  k^^^  is  a  function  of  the  separation  of  the 
excited  state  pair  R  such  thar 

-  kE(^)‘  (6) 

where  kg  is  the  unimolecular  decay  rate  (=  1/Xg)  and  Rq  is  the  spectral  overlap  integral 
given  by 
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I«0  -  ((^^F)K(v)lD.(v)V*dv) 


(7) 


where  e^(v)  is  the  extifiction  coefilcieot  of  tte  "acceptor**,  v  the  energy  in  wavenumbers, 
]^(v)  the  corrected  emission  spectrum  of  the  "donor",  die  fluorescence  quantum  yield 
of  D*.  n  the  refractive  index  (ignoring  dispersion),  and  is  an  orientational  factor.  Rq  is 
typically  about  lS-30  A,  depending  on  the  molecule.  In  the  present  case  we  would  identify 
E*  s=*  G  with  the  emission  Go»(v))  and  E*  =>  £♦♦  widi  the  absorption  (ey^(v)).  We  note 
that  for  the  polymer  case  we  do  not  have  a  good  estimate  of  R  unless  some  details  of  the 
microstnK^ture  can  be  elucidated.  Furthermore  to  estimiue  R^  we  n^  to  know  the 
fluorescence  spectrum  of  an  isolated  SiPc  molecule  in  a  polymer  matrix,  as  well  as  the 
excited  state  absorption  spectrum  of  the  molecule.  Qualitatively,  we  can  say  that 
phthalocyanines  are  poor  fluorescers  so  that  is  expected  to  be  small,  but  that  the 
overijp  integral  itself  may  be  large  since 

(1)  phthalocyanines  exhibit  very  small  Stokes  shifts  in  dteir  fluorescence  spectra 
and; 

(2)  the  next  excited  state  of  SiPc,  the  Soret  band,  has  nearly  twice  the 
enCTgy  of  the  Q-band,  into  which  we  are  exciting  the  molecule. 

In  conclusion,  a  Fdrster-type  annihilation  m^hanism  may  be  re^nsible  for  the  observed 
bimoleculilg  decay,  but  detailed  photophysical  measurements  would  be  required  to 
determine  the  size  of  Rq.  As  mentioned  above,  excited  species  energy  transfer  along  the 
polymer  chain  (as  opposed  to  directly  between  chromophores)  is  also  a  possible 
mechanism.  'The  latter  would  presumably  be  more  sensitive  to  the  particular  polymer 
environment;  in  the  data  presented  here  this  is  not  observed  as  evidenced  by  tire  similanty 
betweoi  die  data  for  the  bis-methacrylate  and  mono-methacrylate  ctpolymers. 
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4.4  3  AND  5  RING  SMALL  MOLECULES  AND  COPOLYMERS 


A  numbo'  of  polymer  films  provided  by  Professor  L.  Dalton  at  the  Univeraity  of 
Southern  Califemua  were  examined  for  the  third  order  nonlinear  optical  response.  The 
structures  of  the  compounds  investigated  are  given  in  Table  4.5.  where  we  see  that  a  series 
of  pendant  copolymers  and  main  chain  polyenic  polymers  were  synthesized.  Films  were 
cast  on  glass  slides  and  usually  had  large  nonuniformities.  The  refractive  index  of  the 
reference  carbon  disulphide  is  n^  «  1.6246;  for  more  colored  samples  (red)  n^  was 
assumed  to  be  1.63  (same  as  the  reference),  while  for  less  colored  samples  (yellow)  it  was 
assumed  to  be  1.55.  We  have  recently  purchased  a  rapid  index  measurement  machine 
(Metriccm  prism  coupler)  that  should  allow  us  to  in^rove  upon  such  approximations  in  the 
future.  The  sample  length  was  measured  by  averaging  values  determined  with  a  surface 
profiltmieter  at  several  points  near  where  the  DFWM  measurement  was  made.  Most  of  the 
films  were  uniform  to  within  20%,  but  one  was  only  uniform  to  50%,  leading  to  a  large 
uncertainty  in  die  nonlinearity.  The  absorption  coefficient  was  measured  with  a  Perkin- 
Elmer  UV-VIS  spectrophotometer,  where  the  spectra  were  referenced  to  a  blank  glass 
slide. 


An  example  of  the  intensity  dependant  phase  conjugate  signal  for  the  3  ring  system 
on  PVP  is  shown  in  Figure  4. 1 3.  The  fit  is  to  a  function  with  cubic  and  linear  dependence 
on  the  laso-  intensity;  the  linear  portion  is  to  account  for  scattering  which  was  quite  large  in 
this  sanqile.  Notice  that  no  evidence  for  saturation  of  the  nonlinearity  is  seen,  suggesting 
that  the  response  in  this  case  is  primarily  nonresonant,  as  is  bom  out  by  time  domain 
measurements  of  Xun  on  the  3-ring  and  S-ring  samples  as  shown  in  Figure  4. 14.  This 
Figure  shows  that  the  5-ring  sample  has  a  slightly  large  "long-time"  component  than  the  3- 
ring,  which  suggests  an  increased  excited  state  population  for  the  S-ring. 

Table  4.6  gives  the  values  of  Xinv  ^  ^  ^lin  ^  samples.  As  mentioned 
above,  die  values  for  o  were  determined  by  UV-VIS  spectroscopy,  referenced  to  a  blank 
glass  slide;  any  changes  in  transmission  were  attributed  solely  to  absorption,  so  any 
changes  in  reflection  were  not  taken  into  account  This  is  a  small  ccnrection  as  long  as  the 
sanq}le's  index  is  close  to  that  of  glass  and  the  absorption  coeff^itmt  is  {q>preciable  (larger 
than  100-200  cm'^).  Hie  errc»’  bars  are  due  mainly  to  errors  in  thickness,  which  result 
from  poor  film  unifrntnity,  and  from  systematic  errors  in  the  DFWM  expmment  estimated 
to  be  about  15-20%.  As  can  be  seen  from  the  table,  the  most  promising  material  in  terms 
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Tabic  4  J 

Structures  of  Compounds  Obtained  from  USC 


Sample 


SringooPVP 


Snuanre 


a 


5-ring  on  PVP 


Me^N-m 


Thiq^ 


Copotyamide  geneni  strucmie 


DFWM  Signal  (A.U) 


Figure  4.13 


0.0  0.2  0.4  0.6  0,8 

Pump  Laser  Intensity  (A.U.) 


Phase  conjugate  intensity  as  a  function  of  pump  laser  intensity  for 
3>iing  on  PVTP  sample 
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Normalized  DFWM  Sig.  (A.  U.) 


400 

300 

200 

100 

0 

-10  0  10  20  30  40 

Time  (psec) 

Figure  4.14  DFWM  dynamics  of  S-ring  and  3-ring  pendant  copolymor  systems 
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of  at  598  nm  is  the  5-ring  suk  chain  polymer  with  a  approaching  10  esu- 
cm.  Also  notable  is  the  fact  that  this  material  has  a  twice  as  large  as  that  of  the  B-ring 
ade-chain  polymer,  while  having  practically  the  same  a,  suggesting  that  increased  "tailing” 
of  the  id)son^on  is  not  occurring. 


Table  4.6 


Nonlinear  Optical  Properties  of  Several  Ladder  Polymers  and  Incorporated 

Polyene  Polymer  Systems 


Sanple 

a 

(cm'^) 

JXS) 

Aim 

(10**^esu) 

(10**^esu-cm) 

3-Ring  20%  on  PVP 

3600±900 

1.210.3 

3.311.1 

3-Ring  30%  on  PVP 

430011100 

1.410.2 

3.311.1 

5-Ring  20%  on  PVP 

370011000 

2.610.9 

7.112.0 

20%  Incorpor. 

5-  ting  polyamide 

230120 

0.1510.01 

6.510.7 

Copolyamide 
widt  10%  Thio2 

320180 

0.2010.03 

6.311.8 

Cqpolyamide 
with  10%  Poly3 

<100 

Unmeasurable 

- 

Cc^iyamide 
with  10%  Poly4 

1040120 

0.2310.08 

2.210.8 

O^lyamide 
with  10%  Polys 

640120 

0.05410.02 

0.8513.0 

Me2N-30% 

430140 

0.1610.03 

3.810.70 

Note  -  some  oS  the  values  in  the  table  are  the  result  of  avenges  of  seven!  different  sampks 
of  the  same  mtferial  -  in  poticular  3-ring/20%  is  the  result  ci  an  average  of  duee  different  samples 


4^  HCC  SIDE  CHAIN  NLO  COPOLYMERS 


HCC  side-chain  electro-optic  polymers,  while  developed  for  electro-optics,  may 
have  promise  as  all-optical  materials  as  discussed  in  a  number  of  recent  ps^rs  [15-16}. 
Therefore,  we  measured  the  third  order  nonlinear  optical  response  of  two  representative 
electro-optic  polymers.  Figure  4.15  shows  die  structures  of  the  side-chain  copolymers  of 
4-amino-4'-nitrostilbene  (DANS)  and  4-oxy-4'-nitrostilbcne  (ONS)  with 
methylmethacrylate,  both  of  which  have  been  used  extensively  as  electro-optic  materials 
when  in  the  poled  stale. 

The  synthesis  and  polymer  propenies  of  these  materials  have  been  described 
elsewhere  [2-4];  in  the  current  work  the  DANS  and  ONS  copolymers  had  60  mole 
percentage  and  50  mole  percentage  incorporation  of  the  chromophore  monomer, 
reflectively.  At  598  nm,  the  DANS  copolymer  has  n  » 1 .68  and  a  =  540  cm■^  while  the 
ONS  copolymer  has  n  «  1.62  and  a  =  40  cm  ^  The  results  of  DFWM  measurements  of 
the  magnitude  of  the  third  order  nonlinear  susceptibility  on  DANS  and  ONS  copolymer 
rihns  spun  onto  glass  slides  are  given  in  Table  4.7.  Table  4.3  also  lists  the  results  of  third 
harmonic  generation  measurements  on  these  systems  by  us  and  others.  The  DANS  system 
exhibits  a  nonlinearity  about  3  times  as  large  as  the  ONS  system,  as  might  be  expected 
from  dispersion  ejects.  A  simple  two  level  model  picture  of  DFWM  predicts  that  the 
Xu  11  DANS  polymer  should  be  2-3  times  that  of  the  ONS  polymer,  as  is  observec 

Because  of  the  limits  of  experimental  sensitivity,  the  xi22i  component  could  only  be 
measured  for  the  DANS  copolymer,  and  is  approximately  1/3  as  large  as  the  x  n\  i 
conqxMient,  as  would  be  expected  for  an  electronic  process  in  an  isotropic  material. 

Figure  4.16  shows  picosecond  time-resolved  DFWM  data  on  the  DANS 
copolymer,  and  the  response  is  seen  to  be  pulse  length  limited  and  was  used  to  detranine 
the  "instantaneous”  response  of  the  system.  The  additional  pulse  at  approximately  15  psec 
from  the  z^o  delay  is  a  satellite  pulse  that  results  from  the  saturable  absorber  in  the 
synchronously  punf)ed  dye  laser  being  at  too  low  a  concentration.  In  the  present  instance 
this  suellite  e7q>licitly  exhibits  the  ultrafast  response  and  recovery  of  the  DANS  copolymor. 
AltiK>ugh  these  copolymers  have  been  developed  for  electro-optics  and  exhibit  only  modest 
third  order  susceptibilities,  they  may  have  utility  as  third  order  ma^als  because  of  their 
excellent  processability,  amenability  to  various  waveguide  fabrication  techniques  (RIE, 
{^olobleaching),  low-loss  at  1.3  pm  and  expected  low  two-photon  absoiption  at  1.3  pm. 
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ONS/MMA  50/50 


DANS/MMA  60/40 


Figure  4.15  Stnicuires  of  side  chain  polymers  with  ONS  and  DANS 


Table  4.7 

Third  Order  Nonlinear  Properties  of  DANS/MMA  and  ONS/MMA 

Copolymers 


Polymer 

^max 

(nm) 

v(3) 

Xiiii 

(DFWM  lO'^^esu) 

v(3) 

Aim 

(THG  10-^2^50) 

v(3) 

A1221 

(DFWM  10-‘2csu) 

DANS/MMA 

60/40 

438 

6.9  ±  1.0 

5.0  ±  0.5  (1.9 
pm) 

2.2  ±  0.5 

ONS/MMA 

50/50 

370 

2.0  ±  0.5 

2.0  ±  0.5  (1.9 

.  -  _ 

- 
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DANS/MMA  60/40  Time  Domain  OFWM 


Delay  Time  (psec) 


Figure  4.16  DFWM  dynamics  of  DANS/MMA  copolyma  Him;  the  additional  pulse  is 
a  sattUite  pulse  that  is  fonned  with  the  synchronously  pumped  dye  laser 
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4.6  CONCLUSIONS 


Picosecond  degenerate  four  wave  mixing  at  598  nm  was  used  to  study  the  third 
Older  noniin^  optical  properties  of  thin  film  polymer  samples.  A  series  of  main  chain  and 
pendant  copolymers  synthesized  by  L.  Dalton’s  group  at  the  University  of  Southern 
California  were  measured,  with  a  5-ring  pendant  copolymer  having  both  the  highest 
nonlinearity  (Xmi  -  3  x  10'^^  esu)  and  also  the  highest  value  of  xfui/®  for  group. 
Electro-optic  polymers  previously  synthesized  at  HCC  were  investigated  and  a 
DANS/MMA  60/40  copolymer  was  found  to  have  Xn\i  *  7  x  10'^^  esu,  while  an 
ONS/MMA  50/50  copolymer  had  a  nonlinearity  only  one  diird  that  of  DANS/MMA  60/40. 
Dynamical  studies  indicated  that  the  response  of  DANS/MMA  60/40  is  ultrafast 
(subpicosecond).  This  property,  coupled  witii  die  availability  of  high  quality  DANS/MMA 
waveguides,  may  make  this  material  an  interesting  candidate  for  all-optical  switching  at  1.3 
lim. 


We  have  performed  DFWM  measurements  on  three  thin  film  polymer  systems 
incorporating  several  different  two-dimensional  n-conjugated  chromophoies.  The  narrow 
absorption  bands  of  the  chromophores  in  the  visible  and  near  infiured  lead  to  relatively 
large  x^^^'s  (10“*®  esu)  at  598  nm.  Time-resolved  DFWM  measurements  explictly 
ctemonstrated  the  role  diat  one-photon  excitation  plays  in  the  nonlinear  optical  re^nse  of 
these  porphyrin  derivatives.  Furthennore  we  have  shown  that  copolymerization  of  silicon 
phthalocyanine  chromophores  is  an  effective  technique  for  obtaining  high  loadings  that 
result  in  decreasing  material  recovery  time  for  resonant  nonlinearities  and  increasing 
transparency  for  noniesonant  applications. 

A  detailed  study  of  a  series  of  copolymers  of  SiPc  with  MMA  was  undertaken,  to 
d^ermine  the  size  and  dynamics  of  the  resonant  nonlinearities  in  diese  materials.  Resonant 
xiui  as  large  as  2.6  x  10  '°  esu  were  obsored  for  copolymers  with  6  mole  % 
SiPc.  Mono-meduKaylate  and  bis-methacrylate  versions  of  the  copolymers  were  studied 
and  high  quality  thin  films  could  be  spun  from  all  of  the  synthesized  materials.  A 
saturation  of  xjui  increased  chromophore  loading  was  observed  to  set  in  between  2 

and  6  mole  %  loading.  This  effect  could  result  from  band  shifting  owing  to  chromophore 
innoaction  or  from  the  onset  of  another  nonlinear  mechanism  that  has  opposite  sign  to  the 
nonlinearity  present  at  low  loadings.  As  the  loading  of  the  SiPc  chromophore  was 
increased  fircnn  0.1  to  6  mole  %,  fairly  dramatic  changes  were  observed  in  the  picosecond 
dynamics  of  the  resonant  nmilinearity.  A  significant  decrease  in  the  reqxinse  time  (from  25 
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psec  to  9  pscc)  was  observed  at  higher  loadings,  which  appears  to  be  consistent  with  a 
model  in  which  bimolecular  interactions  of  molecules  in  the  excited  state  lead  to  rapid  decay 
(exciton-exciton  annihilation).  The  actual  mechanism  may  be  some  form  of  Forster 
annihilation,  commonly  seen  in  fluorescence  spectroscopy. 
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V.  DEVICE  FABRICATION 


5.1  INTRODUCTION 

The  fateication  of  useful  electro-opiic  devices  using  organic  polymers  requires 
techniques  for  depositing  many  polymer  and  metal  layers  onto  a  substrate  and  ways  for 
defining  linear  waveguiding  structures  in  a  multi-layer  film.  T^n  film  layers  of  polymer 
will  be  produced  by  spin-coating,  a  standard  fabrication  technique  used  in  electronics 
industries.  However,  more  detailed  studies  on  the  effects  of  spinning  speed,  solution 
viscosity,  and  solvent  nature  on  film  thickness,  film  quality,  and  adhesion  are  necessary  m 
ordk?  to  fidvicate  defect-free  polymeric  etecto-opckal  devices. 

A  typical  waveguide  device  is  consisted  of  multilayers  of  polymers  and  metals. 
Thin  polyrmer  films  are  deposited  upon  one  another  so  that  optical  cladding  and  core 
structure  can  be  easily  developed  for  wavegukiing.  The  index  of  refraction  of  cladding  and 
core  layers  can  be  precisely  controlled  by  varying  monomer  compositions  in  NLO 
copolymers.  This  structure  is  built  on  top  of  a  silicon  substrate  and  bottom  metal  electrode 
which  is  vacuum  deposited  gold.  The  cladding  and  guiding  NLO  polymer  layers  arc  spin 
coated  upon  this  gold  layer  and  then  a  waveguide  pattern  is  defined  by  the  various 
methods.  After  a  top  cladding  polymer  layer  is  coated  on  this  structure,  the  upper  electrode 
pattern  is  established  by  gold  evaporation  using  iithognphictlly  defined  {wttems. 

Two  separate  routes  have  been  pursued  for  demonstration  of  the  device  utility  of  the 
third  Older  materid  developed  under  the  contract.  One  area  that  is  promising  for  ali-optica! 
materials  is  ultra-high  speed  switching  in  nonlinear  optical  fiber  devices.  These  have  been 
demonstrated  in  fused  silica  fibers,  but  the  nonliiwarity  in  this  case  is  so  low  that  extremely 
high  power  lasers  and  long  lengths  of  fiber  must  be  used.  The  latter  is  impracticaJ  from  a 
high  speed  switching  point  of  view,  since  large  delay  lines  will  have  to  be  u>lerated  by  die 
system.  However,  if  more  nonlinear  fiber  could  be  matte  with  relatively  low  loss,  these 
devices  could  be  only  a  meter  or  so  in  length,  significantly  reducing  tlw  clocking  {Moblcm. 
To  demonstrate  highly  nonlinear  single  mode  fiber  an  external  research  program  was 
initiated  with  Prof.  M.  G.  Kuzyk  at  the  Washington  State  University  who  has  produced 
nonlinear  optical  fibers  rsing  guest/host  doping  of  various  dyes  in  PMMA.  Monomer 
samples  of  silicon  phthalocyanine  have  been  supplied  to  Prof.  Kuzyk  in  order  to 
incorporate  these  monomers  into  a  methacrylate  polymer  in  situ.  Some  of  the  results  on 
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this  investigation  ve  aoactMd  to  this  repon  as  an  appendix. 

The  other  devkt  e^oit  we  have  studied  is  a  ntmlinear  dhecticmal  coupler  made  with 
a  silicon  phthalocyanine/MMA  cqpolymer.  A  vertically  integrated  ap|»roach  was  adopt^l  to 
take  advantage  of  the  excellent  thin  film  forming  properties  of  the  polynwrs.  The 
directional  couplers,  in  their  channel  waveguide  version,  could  function  as  ultrafasi 
switches  for  telecommunications  or  datacom.  1.06  pm  was  chosen  as  the  design 
wavelength,  since  this  choice  simultaneously  resonantly  enhances  the  nonlinearity  of  the 
material  white  hopefully  avoiding  two*photon  absorption,  which  has  deleterious  effects  on 
nonlinear  directional  coupler  performance.  Silkon  phthalocyanine  and  similar  compmjnds 
have  a  transparency  window  in  the  visible  which  could  correspond  to  a  two-photon 
transparency  in  the  ncar-inffared.  A  number  of  planar  waveguide  devices,  whose  structure 
can  be  readily  turned  into  channel  waveguide  directional  couplers  by  photobleaching  or 
selective  eurhing,  have  been  fabricated  and  demonstrate  waveguiding  in  both  active  layers 
as  well  as  evidence  of  coupling  between  layers. 
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5.2  FABRICATION  TECHNIQUES 


S.2.1  Spin  Coating 

The  OMUing  process  is  used  extensively  in  producing  thin  solki  polymeric  films 
for  use  in  microetectronics.  The  process  is  relatively  simple  and  convenient,  ami  it  usually 
produces  uniform  films  which  are  quite  reproducible.  Typical  applications  include 
phomresists,  inter-irietal  dielectrics,  and  passivation  layers.  This  process  can  be  (kscribed 
as  consisting  of  three  stages:  solution  deposition,  spin,  and  solvent  evaporation.  In  emkr 
to  get  defect-free  films  from  this  technique,  the  effects  of  solvent  nature,  spinning 
parameters,  and  drying  conditions  on  film  quality  have  to  be  undentood.  Since  the  final 
film  thickness  is  largely  dependent  on  the  solution  viscosity  and  spinning  speed  and  time,  a 
desired  film  thickness  can  be  obtained  by  changing  one  of  the  above  parameters.  This 
technique  allows  us  to  make  reproducible  and  uniform  polymer  films  with  thicknesses 
ranging  from  0. 1  to  a  few  microns. 

One  of  important  property  of  solvents  used  in  spin  coating  is  their  boiling  point 
The  lower  boiling  solvents  (60-  120  ^C)  create  uneven  surface  due  to  rapid  drying  while 
higher  boiling  solvents  (170  -  250  ®C)  lead  to  a  jHoblem  in  drying.  The  best  results  in  the 
film  forming  process  were  achieved  with  solvents  in  the  middle  boiling  point  range  (120  - 
170  When  a  hygroscopic  solvent  woe  used,  a  clouding  phenomenon  was  observed 
in  the  filnt  This  can  be  attributed  to  an  absorption  of  moisture  by  tlw  solvent  during  the 
drying  process.  As  the  solvent  evaporates,  the  amount  of  non-solvent  (water)  increases  in 
the  solution  due  to  the  moisture  absorption.  This  results  in  i^uise  separation  in  the  spin- 
coated  solution.  Aft*’*  most  of  solvents  evaporate,  then  the  solvent  rich  phase  in  the 
polymer  solution  becomes  a  void  in  the  film  whidh  scatters  visible  light 

Various  types  of  surface  defects  are  observed  when  polymer  solutiems  «« :^>un  on 
a  substrate  such  as  silicon  wafer.  One  of  the  most  common  defects  is  orange  peel  which  is 
a  textured  iqipearance  resembling  the  skin  of  an  orange.  This  defect  results  when  the 
polymer  solution  is  not  fluid  enough  to  flow  together  evenly  on  the  surface  during  ^in- 
coating.  Fisheye  is  the  appearance  of  circular  depression  in  the  polymer  film  due  to 
repulsion  of  the  polymer  solution  by  some  surface  contaminants,  such  as  oils  and  greases. 
Pinholing  and  cratoing  arise  when  solvent  is  tost  rapidly  by  heating  frt»n  the  polymer  film 
while  it  is  still  wet 
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When  N-methylpyrrolridoiM!  (NMP)  is  used  as  a  solvent  for  the  NLO  polymers,  a 
defect  such  as  creeping  or  crawling  is  found  after  spin~coaung  on  a  silicon  wafer. 
Crawling  is  a  tendency  of  a  wet  polymer  film  to  recede  from  certain  areas  of  a  coated 
surface.  This  type  of  defect  is  caused  by  poor  wetting  of  the  NMP  solution  on  the  silicon 
substraie  since  it  has  a  higher  surface  tensitm  compared  to  the  usual  cyclc^iexarM>ne  soludwi 
which  does  not  show  crawling.  A  similv  defect  was  observed  when  the  spin-coating 
solvent  was  chwged  to  poor  wetting  solvents  such  as  butyrolactone  or  benzaldehyde. 

In  ortksr  to  overcome  above  problems  and  get  a  smooth  and  uniform  film,  the 
surface  tensicx)  of  the  polymer  solution  should  be  lower  than  the  surface  energy  of  the 
subsmue  or  contaminants.  One  of  the  way  to  solve  such  proUons  is  an  addition  of 
surfactants  which  can  reduce  surface  tension  of  solutions.  Some  of  non-ionic  surfactants 
(FC-430  and  FC-431  from  3M  Co.)  have  been  tested  and  found  to  be  an  excelloit  soludcm 
ftv  die  problems  in  the  spin  coating  procedure.  These  coating  additives  are  fluotoalsphatk 
polyesters  and  are  soluble  and  compatible  with  most  NLO  polymers  snuiied  Since  very 
anall  amount  of  the  surfactants  (0.2  wt%  of  polymer)  was  added,  no  advene  effects  due  to 
the  addition  of  surfactants  on  optical  waveguiding  property  has  been  observed.  It  even 
reduces  die  scattering  loss  in  waveguide  by  elimiiiating  the  leveling  problem  caused  by 
surface  tension  gradients  formed  during  die  film  drying  stage. 


5J1.2  Muiti'layer  Structure  Fabrication 

The  premature  crack  formation  in  polymers  at  stresses  considerably  bekiw  die 
nominal  yield  stress,  while  in  contact  with  aggresrive  environments,  is  called 
environmenud  stre»  cracking.  This  problem  is  observed  in  the  fabrication  process  of 
multilayer  struettues  of  NLO  polymer  films.  Afier  the  first  l^er  of  the  polymer  film  is 
qnm  and  dried  on  a  silicon  substrate,  die  polymo'  solution  is  again  applied  on  the  top  of 
diis  fitoi  in  order  to  m^e  second  layer  of  a  film.  This  process  inevit^ly  leads  to  die 
contact  of  the  dried  first  layo-  film  with  a  solvent  ui  the  applied  polymnr  solution.  The 
solvent  acts  upon  the  polymer,  especially  at  a  flaw  located  at  the  film  surface,  and  causes 
loralued  pla^cization  and  swelling.  This  brings  about  the  onset  of  crack  femnation  in  die 
film  which  is  already  under  the  influence  of  residual  stresses  induced  during  a  drying 
procedure.  Upon  iqipUcation  of  another  solution  cm  tqi  these  films,  the  surface  of  the 
second  layer  again  shows  cracks.  This  brings  about  cemsiderabie  problems  in  designing 
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imiltilaya’  structure  waveguide  devices  if  mechanical  strength  of  the  NLX)  polymers  is  nm 
strong  enough  to  widistand  envircHunental  stresses.. 

In  Qfd(7  to  solve  stKh  a  solvent  cracking  proUem  in  the  sjim^coating  faxxxss,  a  few 
hundred  ang^m  thick  plasma  polymer  layer  is  employed  as  a  Imiier  layer  between  two 
polymo*  film  layers.  This  barrier  layer  is  dense  enough  not  to  allow  poietracion  of  solvent 
molecules  to  the  next  layer  yet  thin  enough  not  to  interfere  with  guided  waves  in  the  NLO 
polymer  film.  As  a  preliminary  experiment,  a  300  A  thick  plasma  polymer  from  CH4  was 
coued  on  the  HCXZ  NLO  copolymer  film  which  was  spin-coated  and  dried  on  a  silicon 
wafer.  When  a  solvent  is  spread  over  the  surface  of  the  film  to  see  if  the  solvott  stress 
cnu:kmg  occurs,  only  the  portion  of  the  film  not  covered  with  die  plasma  polymer  layer 
exhibits  many  cracks  due  to  direct  solvent  contact  to  polymer  surface.  Even  the  plasma 
polymer  as  thin  as  100  A  thick  seems  to  be  effective  as  t  solvent  barrier. 
Hexamethyldisiloxane  has  also  been  used  to  form  a  plasma  layer  on  the  NLO  film  and  been 
fouiKl  to  be  a  good  barrier  layer  although  it  shows  different  surface  property  due  to  its 
hydrophobic  nature.  This  plasma  technique  seems  to  be  suitable  for  the  device  fabrication 
process  since  it  takes  only  a  few  minute  fts*  the  whole  procedure  and  does  not  result  in  \y 
adverse  effects  on  optical  waveguiding  pixipor^  of  NLO  polymers. 


5.2.3  Linear  Waveguide  Fabrication 

Lateral  confinement  of  light  in  the  films  can  be  achieved  by  three  differait  ways; 
lithographic  methods,  laser  ablation,  and  pbotobleaching  techniques  [22].  In  the 
lithographic  methods,  gold  is  evaporated  on  top  of  the  substrate  to  form  a  ground  plate. 
The  cladding  polymer  is  spin  coated  on  this  gold  layer  and  a  channel  is  lithogia|riucalIy 
defined.  Using  gold  as  the  masking  layer,  the  linear  waveguide  pattern  on  the  cladding 
layer  can  be  etched  by  a  reactive  ion  etcher.  NLO  active  core  material  is  q>in  coated  to  fill 
the  channel,  followed  by  the  deposition  of  a  third  upper  cladding  layer.  The  tq>per 
electrode  pattern  is  established  by  evaporation  of  gold  using  lithognqibicaUy  defined 
patterns. 

The  laser  ablation  technique  provides  a  much  simpler  way  to  form  a  linear 
wavegukte.  After  cladding  and  guiding  layers  are  spin  coated,  a  linear  waveguide  ^ructure 
can  be  formed  by  ablation  of  polymer  layen.  Ra  '  ation  from  a  excimer  laser  is  passed 
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throat  a  mask  and  the  waveguide  structure  is  imaged  onm  the  suiface  of  the  polynMrr  film. 
The  laser  li^t  can  ablate  materials  which  are  not  covered  by  the  mask  resulting  in  a  rib 
waveguide  structure.  Another  cladding  material  is  then  overcoated  on  the  rib  structure. 
The  photobleaching  method  utilizes  the  photochemical  properties  of  the  NLO 
chromoi^c»es  in  the  polymer.  When  the  NLO  chromoph(ves  are  irradiated  with  light  near 
their  electronic  absorpdcm  bands,  photochemical  reactions  may  occur.  This  can  alter  the 
chemical  structure  in  such  a  way  as  to  reduce  the  polarizability  of  the  chromoj^re.  From 
the  SeUmder  equation,  the  theory  predicts  that  eitho-  a  reduction  of  oscillator  strength  of  the 
chromophore  or  a  hypsochromic  shift  of  its  absorption  maximum  wavelength  will  cause  a 
lowering  in  the  refiractive  index.  In  order  to  make  a  channel  waveguide,  the  NLO  polymer 
is  exposed  to  radiation  through  a  mask  which  contains  a  pattern  of  the  optical  waveguide 
structure. 
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53  VERTICALLY  INTEGRATED  DIRECTIONAL  COUPLER 


5.3.1  Device  Design 

One  area  of  iq;>pUcatton  has  been  pursued  for  demcmstration  of  the  device  utility  of 
the  pritnaiy  third  order  materials  developed  under  this  contract,  the  silicon  phthalocyanine 
copolymers.  Here  we  report  on  the  device  development  work  of  a  vertically  integrated 
directional  coupler.  A  vertically  integrated  i^rproach  was  adopted  to  take  advantage  of  the 
excellent  thin  film  forming  properties  of  these  polymers.  These  directional  couplers,  in 
their  channel  waveguide  version,  could  function  as  ultrafast  switches  for 
teteconanunications  ot  datacom. 

Figure  5.1  shows  the  vertical  structure  which  consists  of  five  layers:  (1)  lower 
cladding  layer  (PMMA),  (2)  lower  waveguide  layer  (SiPc/MMA),  (3)  $q)ar8tion  layer 
(PMMA),  (4)  upper  waveguide  layer  (SiPC/MMA),  and  (5)  upper  cladding  layo*  (PMMA). 
Coupling  will  occur  between  the  two  waveguide  layers  once  li^t  is  launched  into  one  of 
tlw  layers.  If  the  waveguides  are  identical  so  thu  their  prq)agation  ctmstants  match  (Afi  » 
0)  comqtlete  coupling  of  en«gy  from  one  waveguide  to  the  other  will  occur  after  a  distance 
called  the  coupling  length,  if  the  waveguiding  material  has  an  index  of  reftactmn  dtat  is  a 
function  of  light  intensity,  this  couplingicQgtfa  can  be  changed  by  changing  the  incident 
light  intensity,  thereby  changing  how  much  light  emer^  from  the  two  waveguides  at  the 
end  of  the  (fevice. 

In  the  present  design  this  switching  could  be  achieved  in  at  least  three  ways.  In  one 
case  the  incident  light  beam  would  act  on  itself,  and  as  its  own  intensity  increased  or 
decreased  the  coupling  between  the  two  waveguides  would  change.  Another  approach 
would  be  to  have  a  low  intensity  probe  beam  popagating  through  the  waveguide  structure 
whose  coupling  ratio  would  be  controlled  by  tl%  imposition  of  an  intense  pumping  beam. 
This  pun^  beam  could  be  at  nearly  the  same  wavelength  as  the  probe  and  cqprq>agating 
with  the  probe,  being  wavelength  filtered  out  of  the  network  at  the  end  of  the  device.  On 
the  other  hand,  die  pump  could  be  imposed  from  above  the  waveguide  and  could  change 
the  coupling  between  the  waveguides  if  its  wavelength  were  such  that  the  majority  of  the 
pun^  li|^t  was  absorbed  in  the  upper  waveguide. 

Since  die  poposed  devrce  is  aU-opbcal,  isolation  of  the  coupling  region  through  ti» 
use  of  waveguide  bentite  is  not  critical.  Howevo',  Iot  the  electro-optic  case  this  problem 
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could  be  solved  if,  for  example,  a  photobleachable  material  were  used  for  the  center  layer, 
in  which  case  a  graded  index  structure  could  be  formed  that  would  act  like  a  bend,  since  it 
would  allow  the  adjustment  of  the  waveguide  coupling.  Furthermore,  a  structure  such  as 
that  in  Figure  5.1  could  be  readily  turned  into  a  channel  waveguide  device  by  direct 
photoUthogi^y  or  by  photobleaching. 


A  directitMial  cotqtler's  characteristics  depoxi  critically  on  the  wavelength  of  light 
used,  the  re&active  indices  of  the  materials,  the  dimensions  of  the  waveguides  and  their 
separation.  In  the  present  case,  the  layer  thicknesses  were  determined  by  considering  three 
basic  principles. 


a)  According  to  coupled  mode  titetxy  [23]  the  single  mode  cutoff  coiKiition  (for  TE 

modes) 


An  = 


4t^^(ni  +  no) 


(1) 


depends  on  the  active  layer  thickness  t^,  die  wavelotgth  of  li^t,  and  the  refractive 
indices  of  the  active  layer  nj  and  the  cladding  layer  Oq;  An  »  nj  -  Hq.  The  Metricon  prism 
coupler  was  used  to  measure  the  refractive  indices  of  the  u;tive  layer  silicon 
phthalocyanine/MMA  2/98  (1.520  @  1.289  |un)  and  that  of  the  cladding  layer  PMMA 
(1.483  @  1.289  ^m).  The  actual  operating  wavelength  for  the  directional  coupler  in  a 
single  beam  conAguration  was  then  deigned  for  1.064  pm  radiation  to  avoid  the  jnesence 
of  two  photon  absorption,  which  has  been  measured  to  be  very  large  in  the  silicon 
phthalocyanine/MMA  copolymer  at  1.3  pm.  The  above  information  suggests  that  the 
thickness  of  silicon  phthalocyanine  should  be  approximately  1.3  pm  to  be  below 
multimo^  cutoff  and  therefore  single  rrKxle  for  1.064  pm  light  This  calculation  ignores 
the  effect  of  refractive  index  dispersion  from  1.3  pm  to  1 .064  pm  which  will  be  small  for 
the  PMMA  layer,  but  may  be  appreciable  for  the  silicon  phthalocyanine  layer. 

b)  The  cladding  (passive)  layers  should  be  thick  enough  to  prevent  light  frwn 
reaching  tiie  substrate.  For  TE  light  the  attenuation  of  ti>e  expommtially  decaying  wave  in 
the  cladding  layer  is  given  by 

(2) 

whoe 
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(3) 


N(.ff  is  the  effective  index  of  the  waveguide,  and  x  is  the  cladding  layer  thickness. 
Application  of  (2)  and  (3)  suggests  that  x  should  be  much  larger  than  2/2p  (x  »2/2p)  and 
for  die  present  matnials  determines  an  upper  uid  lower  cladding  PMMA  layer  thickness  of 
a{:|»oxiinately  2  ^m. 

c)  The  coupling  length  is  related  to  the  thickness  of  the  middle  PMMA  layer  by 


where  L  is  the  coupling  length,  and  k|2  the  amplitude  coupling  coefficient.  For  the 
designed  device  operating  at  1.06  ^m,  kj2  may  be  expressed  as  k]2  -  kQe'^'^  where  2d  is 

the  center  to  center  guide  separation  and  Icq  *=  0.590  iiro"  ^ .  Therefore  L  =  ~2k^  - 

2.67  e^'^  fim.  To  obtain  a  coupling  length  of  a  few  millimeters  at  1.06  pm  we  need  a 
central  PMMA  layer  thickness  of  approximately  2.S  pm.  The  coupling  length  is 
exponentially  varying  with  the  waveguide  parametos  so  that  small  changes  in  thickness, 
wavelengdi,  or  refractive  index  give  large  changes  in  the  ccHipling  length.  As  demonstrated 
below,  diis  was  manifested  by  a  signifkandy  shorter  coupling  length  than  the  design  length 
being  observed  at  1.29  pm. 


5.3,2  Waveguide  and  Coupling  Experiments 

A  number  of  five  layer  devices  were  made  for  investigation  of  waveguide  loss, 
coupling  and  reproducibility  of  die  fabrication  techniques.  Also,  since  the  coupling 
characteristics  are  highly  dependent  on  the  center  layer  thkkness  and  optical  wavelength,  a 
number  of  devices  with  differing  center  layer  thicknesses  vrere  fabricated.  The  center  to 
(tenter  waveguide  sq)aration  and  resulting  coupling  lengths  calculated  are  given  in  Table 
5.1  for  1.2S9  pm  and  1.064  pm  wavelength^  dispersiem  in  the  copolymer  refractive  index 
was  taken  into  account  widi  a  two  level-model. 
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Table  5.1 


Coupling  Length  as  a  Function  of  Guide  Separatimi  for  1.289  iim  and 

1.064  liVavelengths 


Center  to  center  guide 
separation  (urn) 

Coupling  loigth 
(@  1.289  um)  (mml 

Coupling  length 
(@  1.064  pm)  (mm) 

0.548 

1.908 

0.409 

1.217 

3.30 

0.304 

0.804 

3.04 

0.227 

0.513 

Since  there  are  no  electronic  absoqjtions  in  silicon  phthalocyamne  in  the  near- 
infrared,  the  loss  of  the  material  should  be  only  weakly  dependent  on  wavelength. 
Although  the  design  wavelength  was  1.06  |un  for  reasons  of  increasing  aiKi  avoiding 
two-phoum  absoiption,  it  is  reasonable  to  use  1.289  pm  light  for  assessing  wavegmde 
loss.  This  was  done  using  a  standard  setup  based  on  the  detection  of  light  scattering  from 
the  guiding  layer  for  light  launched  by  prism  coupling  (made  possible  by  the  lift-off 
technique)  into  the  guidelayer.  Figure  S.2  shows  the  loss  of  a  three  layer  waveguide 
(PMMA^iPc.'MMA/PMMA)  as  measured  with  the  1.289  pm  loss  apparatus  for  the  TE 
mode.  The  loss  is  estimated  to  be  S-7  dB/cm,  which  is  not  prohibitively  large  if  the  device 
is  only  a  few  millimeters  long.  The  origin  of  loss  may  be  absorption  but  could  also  be 
scattering  caused  by  partial  alignment  of  the  silicon  {didialocyanine  copolymers.  Figure  5.3 
denK>nstrates  evidence  for  a  modulation  with  a  1  mm  pmodicity  in  the  loss  of  a  5  layer 
device.  This  rejnesents  coupling  between  the  two  waveguides  since  the  top  guide  will 
scatter  considerably  more  than  the  bottom  guide.  This  modulation  should  have  a 
pmodicity  of  twice  the  coupling  length,  which  is  consistent  with  the  calculated  coupling 
length  of  500  pm  for  this  5  layer  device  at  1.289  pm  (see  Table  5.1).  The  "extinction 
ratio"  cannot  be  accurately  determined  from  this  data  since  the  bottom  guide  will  still  exhiUt 
some  scattering. 
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Signal  (A.  U.) 


Figure  5.3 
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Coupling  between  Silicon  phthalocyanine/MMA  waveguides  as 
measured  with  the  scattering  technique. 
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Wavcguiding  was  also  observed  using  endfire  optical  fiber  coupling  into  the 
waveguides  and  an  infrared  camera  and  beam  scanning  system  to  image  the  output  A  1 .06 
m  diode  pumped  Nd.  YAO  laser  was  used,  and  slab  waveguiding  in  both  waveguides  was 
clearly  observed  as  shown  in  Figure  5.4.  The  beam  scanning  system  which  was  used  to 
quantify  the  waveguiding  shows  that  the  top  waveguide  confines  light  more  strongly  than 
the  bottom.  This  comes  from  the  inherent  asymmetry  in  the  structure  shown  in  Figure  5. 1 , 
since  the  top  waveguide  sees  an  air  "substrate*'  whUe  the  bottom  sees  an  Si/Si02  substrate. 
These  experiments  demonstrate  that  relatively  low  loss  waveguiding  can  be  achieved  at 
1.06  pm  and  that  both  silicon  phthalocyaninc  layers  can  simultaneously  support 
waveguiding  modes.  Future  work  will  concentrate  on  demonstrating  switching  between 
the  two  waveguides,  cither  through  the  imposition  of  a  resonant  optical  pump  incident 
perpendicular  to  the  plane  of  the  slab  waveguide  or  a  nonresonant  optical  pump  along  the 
waveguide. 
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Figure  5.4  Photograph  (computer  genmted)  of  both  waveguides 
wavcguiding  in  a  five  layer  saiTq)le  at  1 .06  ^m  as 
obtained  with  an  infrared  camera. 
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5.4  CONCLUSIONS 


The  coating  process  is  used  extensively  in  producing  thin  solid  polymeric  films 
because  this  {Hticess  is  relatively  simple  and  convenient,  and  it  usually  produces  uniform 
films  which  arc  quite  reproducible.  In  order  to  get  defect-ftee  films  from  this  technique, 
the  effects  of  solvent  nature,  spinning  parameters,  and  drying  conditions  on  film  quality 
have  to  be  understood.  The  best  final  film  prt^jerty  is  obiainwJ  when  non*hygroscopic 
solvents  with  a  medium  boiling  point  (120  •  170  are  used  in  the  spin  coating  process. 
Various  types  of  surface  defects,  stK:h  as  onngt  peel,  fisheye.  pinboling.  and  orawUng.  are 
observed  when  polymer  solutions  are  spun  on  a  substrate  such  as  silicon  wafer.  Tbei^ 
defects  results  in  poor  film  properties  and  many  problems  when  the  film  is  further 
processed  in  drying  or  poling  stages.  It  was  found  that  addition  of  nonionk  surfactants 
could  eliminate  most  of  the  coating  problems  by  reducing  surface  tension  of  the  polymer 
solutions. 

When  multilayer  structure  devices  are  fabricated,  it  is  inevitable  to  experience  the 
im)blem  of  solvent  stress  cracking.  A  plasma  polymer  layer  which  is  dense  enough  not  to 
allow  penetration  of  solvent  molecules  to  the  bottom  layer  yet  thin  enough  not  to  interfere 
with  guided  waves  has  been  successfully  employed  to  prevent  the  solvent  stress  cracking. 
This  plasma  technique  seems  to  be  suitable  for  the  device  fabricadon  i»ocess  since  it  takes 
only  a  few  minute  for  the  whole  procedure  and  docs  not  result  in  any  adverse  effects  on 
optical  waveguiding  property  of  NLO  polymers. 

We  have  demonstrated  that  the  third  onter  NLO  polymer,  silicon  phthalocyanine 
Anethymethacrylate  copolymer,  can  be  used  as  an  active  material  in  the  slab  waveguide 
directional  coupler.  The  optical  loss  of  the  three  layer  waveguide  was  measured  at  1.289 
^m  and  found  to  be  5  •  7  dB/cm.  The  evkknce  for  a  modulation  with  a  1  mm  ptmodiciQ'  in 
the  loss  of  the  five  layer  waveguide  device  was  shown.  This  represents  coupling  between 
the  two  waveguides  since  the  top  waveguide  will  scatter  considaaUy  more  than  the  bottom 
guide. 
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VI.  CONCLUSIONS 


A  sems  of  new  side  chain  polymers  was  synthesized  and  chamcnnized  fen  the 
sectmd  and  thisd  (»der  NLO  ai^licadons.  Linear  a^ymers  cootait  ing  make  anhydbride 
as  an  active  functional  group  on  tihe  main  chain  wore  prepared  in  this  work.  The  maktc 
anhydride  group  reacts,  by  ring  opening  esterification  with  an  appropriate  alcohol 
containing  an  NLO  fiinctionaiity.  to  fnrm  an  acki  ester.  These  cqptolymm  were  also  found 
to  be  suitable  for  branching  or  vTosslinking  reactions  with  ot,ca-diols.  Oi  mnifkation  of 
die  anhydride  luiit,  the  backbone  became  inherently  more  fkxibk.  resulting  in  a  lender  glass 
transition.  In  all  cases,  polymerization  of  maleic  anhydride  and  comonomers  such  as  butyl 
vinyl  ether  and  styrene  resulted  in  high  molecular  wei|^t  polymer.  Introductko  of  a  slight 
access  of  the  anhydride  in  the  feed  ratio  ensured  synthesis  of  an  alternating  copolymer. 
The  electroq;mc  |»operty  measurements  resulted  in  ruber  low  activities.  The  ekctroc^^ 
coefficient  found  from  the  styrene/maleic  anhydrkk  copolymers  is  about  1  pmA'  when 
poled  in  a  field  of  50  volts/pm  at  140  <K1 

New  NLO  molecules  based  on  the  inetailattd  macrocyck  family  are  synthesized.  A 
series  of  substituted  silicon  and  aluminum  phthalocyanines  were  prepared  to  study  their 
third  cnxkr  ntmlinear  responses.  A  nitro/amino  substituted  aluminum  phthalocyanine  was 
also  made  along  with  mixtures  of  buizo  substituted  silken  phdtalocyanines.  A  synthetic 
route  was  investigated  to  directly  produce  domH-  acceptor  {dithalocyanines  which  may  show 
promise  for  macrocyclic  second  order  materials.  A  series  of  monomethacrylate  aid 
dimethacrylate  silicon  phthalocyanines  and  napbthalocyanines  have  been  synthesized  and 
characterized.  Average  molecular  weights  range  from  20,000  to  307,000  with  glass 
tranation  temperatures  of  73  to  129  X.  The  hi^test  concentration  adikved  so  fut^  the 
active  chnxiMphore  in  a  copolymer  is  12  mole  percent  (60  percent  by  wd^t).  All  of  these 
ccpolymers  show  excellent  film  forming  charactoistics  and  can  be  mack  into  tough  micron 
thick  films. 

A  number  of  NLO  molecules  and  polymus  have  been  charactmzed  for  third  order 
responses  by  the  technique  of  degenerate  four  wave  mixing.  A  series  of  main  chain  and 
pendant  copolymers  synthesized  by  L.  Dalton's  group  at  the  University  of  Southern 
California  were  measured,  with  a  S-ring  pendant  copolymer  having  both  the  highest 
nonlincaiity  (xiin  *  3  x  10'**  esu)  aid  also  the  highest  value  of  xini^®  group. 

Electro-optic  polymers  previously  synthesized  at  HCC  were  investigated  and  a 
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DANS/MMA  6CV40  cqpdyinef  vm  foimd  to  h*ve  xfn  i  •  7  *  ^0'*^  csu.  while  in 
ONS/MMA  50^  cqwlymo^  hid  t  nonlineariiy  only  we  ihiitl  that  of  DANS/MMA  60/40. 
Dynamicil  studies  indicated  that  the  response  of  DANS/MMA  60/40  is  uitrafisi 
(snbpict^eccMid).  This  property,  o^ted  with  the  availtbility  of  hi^  quality  DANS/MMA 
waveguuks,  may  make  this  material  an  iniere^g  candidate  for  lU-^^xical  smu;hing  at  1.3 
Jim.  Resonant  Xn\i  values  as  large  as  2.6  x  10’*®  csu  were  observed  for  silicon 

phthaiocyanine  copdymers  with  6  rnok  percem  active  dtromophcm:.  Device  doughs  based 
on  die  sUicoo  phthalocyanine  copolymers  in  both  waveguide  and  sin^  mode  fiber  forms 
have  been  presented  which  may  yield  ultrafis  aU  optical  switching  devices. 

The  fabrication  of  useful  electro-optic  devices  using  oi^antc  polymers  requires 
techniques  for  depositing  many  polymer  and  metal  layers  onto  a  substrate  and  ways  for 
defining  linear  waveguiding  structures  in  a  multi-layer  film.  The  spin  coating  process  is 
used  extensively  in  producing  thin  solid  polymeric  films  because  this  process  is  relatively 
stmple  and  convenient,  and  it  usually  produces  uniform  films  which  are  quite  reproduciUe. 
In  order  to  obtain  defect-free  films  through  this  technique,  the  effects  of  solvent  nature, 
spinning  parametm.  and  drying  conditions  on  film  quality  need  to  be  understood.  The 
best  final  film  propoty  is  obtained  when  ntm-hygrosoc^  solvents  with  a  medium  boiling 
point  (120  -  170  ^C)  are  used  in  the  spin  coating  process.  Various  types  of  surface 
defects,  such  as  orange  peel,  fisheye,  pinhoUng,  and  ciawting,  are  observed  when  polymer 
solutimis  are  iqiun  on  a  substrate  such  as  silicon  wafer.  These  defects  results  in  poor  film 
im^ierties  and  many  problems  when  the  film  is  further  processed  in  drying  or  poling 
stages.  It  was  found  that  addition  of  nonionic  surfactants  could  eliminate  most  of  the 
coating  problems  by  reducing  surface  teruuon  of  the  polymer  solutions. 

When  multilayer  structure  devices  are  fabricated,  it  is  ineviuble  to  experience  the 
problon  of  solvoit  stress  cracking.  A  plasma  polymer  layer  which  is  dense  enou^  not  to 
allow  penetration  of  solvent  molecules  to  the  botumi  layer  yet  diin  enough  not  to  interfere 
with  guided  waves  has  been  successfully  enqiloyed  to  jnevent  the  solvent  stress  cracking. 
This  plasma  technkiue  seems  to  be  suitable  for  the  device  fateicatitm  process  since  it  takes 
<mly  a  few  minute  for  the  whole  procedure  and  does  not  n»uit  in  any  advme  dfects  on 
optical  waveguiding  pit^ieity  of  NLO  polymers. 

We  have  demonstrated  that  the  dtird  onter  NLO  polymer,  silicon  phthalocyanine 
Anethylmethacrylate  cqwlymer,  can  be  used  as  an  active  material  in  the  slab  waveguide 
directional  cmipler.  Tlte  (qxical  loss  of  the  diree  layo-  wavegukte  was  measured  at  1.2S9 
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|imindfoundtobeS>7dB/cin.  Tl» evidojcc  fw i  mo<h»l*tion  with*  1  nun  periodicity  in 
die  loss  of  the  five  kyer  waveguide  device  was  shown.  This  lepiesenis  the  smKrtuitr 
jKiqposed  ccHipioi  Uj^t  fitun  the  upper  waveguide  to  the  bottom  waveguiik,  Funh^'  work 
will  be  needed  to  demonstrate  the  light  intensity  dep^idetux  for  the  observed  coupling. 
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ABSTRACT 


An  account  of  work  on  the  synthesis  of  macrocycles  for  use  in  the 
fabrication  of  nonlinear  optical  devices  is  given.  Work  directed  towards 
the  synthesis  of  fused- ring  phthalocyanines  is  described.  Also  described  is 
work  on  the  synthesis  of  phthalocyanines  hf  ’ing  electron  withdrawing  or 
donating  groups  on  three  arms  of  the  macrocycle  and  groups  of  the  opposite 
kind  on  the  fourth  arm.  Further  work  to  be  done  in  both  these  areas  is 
outlined. 
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INTROOUCtlOK 


A  major  objective  of  chis  work  Is  the  preparation  of  aross-atic  ring 
systems  chat  have  large  conjugated  loops  'Htese  compounds  are  being  sought 
because  It  has  been  concluded  chat  the  non  resonant  macroscopic  third  order 
nonlinear  optical  suscepclbillcies  of  such  systems  should  be  unusually 
large , ^  and  because  such  systems  often  have  good  material  properties  This 
makes  selected  members  of  this  group  good  candidates  for  use  in  the  fabrica¬ 
tion  of  nonlinear  optical  devices. 

Initially  two  types  of  systems  were  considered,  expanded  porphyrins^ 
such  as  the  one  shown  in  Figure  I,  and  fused- ring  phthalocyani  ves^  such  as 
those  shown  in  Figures  2  and  3 

Et  Et 

£t 

2  Br'  Of  2  CfsCOi' 


Et  Et 

Figure  I,  An  expanded  porphyrin 


Figure  2.  A  fused- ring  phthalocyanine 
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Figurt  3.  Another  fused- ring  phchalocy«nlne 
Both  typ«s  of  systems  wsrc  evaluated  cerefully  and  ulclauicely  it  vas 
decided  to  start  work  on  the  fused- ring  phchalocyanlnes . 


WORK  accomplished 

Synthesla  of  Fused-Ring  Phthalocyaninas  by  Ring  Closure.  In  the  first 
efforts  made  on  the  synthesis  of  fused- ring  phthalocyaninas,  a  set  of 
experiaants  was  carried  out  in  which  nitriles  or  dilteinolsolndolincs  were 
used  as  precursors.  This  work  was  predicated  on  the  fact  that  nitriles  and 
diiainoisolndollnes  arc  often  used  for  the  synthesis  of  phthalocyanlnes . 

In  one  group  of  experiments,  the  following  reaction  sequence  was 
carried  out  with  three  ratios  of  the  two  nitriles. 


+ 


NC^CN 

NC'^^CN 


4  SnCl2 


NaOSitia.  O-  GPC  chrom. 


(1) 


In  a  second  group,  the  reaction  sequence 
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C_CN  NC^^^s^CN 

L  +  JLI  +  Li  +  CjHnOH 
NC^^CN 


<38CU  .  (QQ  NaOSiHxa .  GPC 


chrom. 


(2) 


was  carried  out  with  two  ratios  of  the  nitriles.  In  a  third  group,  the 
sequence 


OBu 


OBu 


Li  +  CsHnOH 


AI2O3  Chrom. 


(3) 


was  carried  out  with  two  ratios  of  the  nitriles.  Finally  in  a  fourth  group, 
the  sequence 


(CHaJaNCHjCHaOH 


NH4OH.  Q 


HOSiHxa  .  GPC  chrom. 


(4) 


was  carried  out  with  four  ratios  of  the  diininoisoindolines.  In  none  of 
these  experiments  was  evidence  obtained  that  was  recognized  as  showing  that 
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a  fused- ring  phchalocyanine  had  been  formed. 

Also  early  in  the  studies,  work  was  done  on  Sequence  5. 


HjC 

H3C 


+  Bfj 


8f  NBS  ,  CCt4 


KOC12H25 


C 1  2H250CH2^^^^^^ 


Sr 

Br 


CuCN  .  DMF 
- 


0^2^28®^^' 


XI 


CN 

CN 


NC 


NC‘ 


o: 


CN 

CN 


Li  .  CsHnOH 


(5) 


This  sequence  is  based,  as  is  seen,  on  Che  same  type  of  ring  foraacion  step 
as  Sequence  3.  However,  the  dinitrile  in  this  sequence  has  the  advantage  of 
being  less  hindered. 

A  derivacive  of  this  sequence  in  which  diiminoisoindolines  are  used  is 
also  possible. 


CtjHjsOCHj^^Fs^CN 


CN 


NH3  +  CHgONa 


NH 

C12H25OCH2 

C,2Hj50CH2'''>^ 

NH 


(CHaJaNCHaCHaOH 


(6) 
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Thl«  lequ^nce  is  based,  as  Is  apparent,  on  the  sane  type  of  ring  foraatlon 
step  as  Sequence  4.  it,  however,  is  acre  advantageous  since  the 
diiainoisolndoline  used  can  be  assuned  to  be  soluble  in  organic  solvents. 
Vork  on  Sequences  5  and  6  was  carried  as  far  as  the  synthesis  of  a  small 
aaount  of  the  dinitrile. 

Subphthalocyanlnes  and  king 'Expansion  Routes  to  Fused'Rlng 
Fhthaloeyanlnes .  While  this  work  was  in  progress,  a  paper  by  Kobayashi  and 
coworkers^  on  the  formation  of  phchalocyanines  by  a  new  and  very  interesting 
SMthod  appeared.  In  this  new  method  phchalocyanines  are  formed  by  a  ring 
expansion.  One  of  the  reactions  reported  is: 


The  phtbalocyanine- related  macrocycle  in  this  reaction  is  called  a 
subphthalocyanine  and  is  abbreviated  as  subPe.  Thus,  the  particular 
compound  in  this  reaction  is  abbreviated  as  BsubPc(c-Bu)3Br. 

This  new  chemistry  offers  at  least  two  attractive  potential  routes  to 
fused-rlng  phthalocyanines .  An  illustration  of  one  of  these  routes  using 
BsubPcCl  as  the  subphthalocyanine  precursor  is: 
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An  Illustration  of  a  second  routs,  again  using  BsubPcCl  as  the 
subphthalocyanine  precursor  is; 


This  ««cond  rout*  1«  longer  but  is  quite  pronlslng  because  reasonably  close 
precedents  exist  for  each  of  the  steps  used. 

tlng'Expanslon  Koutes  to  Polar  Phthalocyanlnes  end 
iensophthaloeyanines .  In  addition  to  offering  attractive  potential  routes 
to  fused>ring  phthalocyanlnes,  the  subphthalocyanines  also  open  practical 
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routes  to  phthAlocyaninos  «nd  bonxophthalocyanino*  with  •Itccron  donating  or 
vichdrawing  groups  on  thrss  arms  of  ths  aserocycls  and  group*  of  the 
oppoalta  typ*  on  th*  fourth  ara.  Such  compound*  are  of  interest  because 
they  can  ba  axpactad  to  have  high  dipole  moments  and  thus  high  macroscopic 
second  order  nonlinear  optical  susceptibilicles.  This  makes  selected 
menders  of  this  group  good  candidates  for  the  fabrication  of  nonlinear 
optical  devices. 

Synthesis  of  Subphthalocyanines .  Because  subphthalocyanines  offer 
attractive  routes  to  a  wide  variety  of  compounds  of  potential  us*  for  the 
fabrication  of  KLO  devices ,  work  was  started  on  subphthalocyanines  soon 
after  Xobayashi'a  paper  appeared.  In  this  new  phase  of  the  work,  actentlon 
was  initially  given  to  BsubPcCl.  The  synthesis^  of  this  compound^  on  a  gram 
scale  by  the  route 


was  mastered.  Th*  purification  of  it  by  sublimation  was  also  mastered.  In 
addition,  work  was  done  on  the  subphthalocyanine  B*ubPc(c-Bu)3Cl .  The 
synthesis  of  this  compound  by  a  route  parallel  to  that  used  for  BsubPcCl  on 
a  half  gram  seal*  and  the  purification  of  it  by  gel  permeation  chromato¬ 
graphy  were  also  mastered.  This  latter  subphthalocyanine  is  particularly 
attraeclve  for  us*  because  it  is  easily  soluble  in  organic  solvents  and 
because  the  phthalocyanines  made  from  it  can  thus  be  expected  to  be  easily 
soluble  in  such  solvents. 
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Synthttis  of  PoUr  Phthalocyanln**  «nd  Polar  Banrophthalocyaninai  by 
ting  Expansion.  In  addition  to  this  work  on  tha  praparation  of  BsubPcCl  and 
Bs\ibPc(c-Bu}3Cl,  work  was  dona  on  tha  preparation  of  a  series  of  phthalocya- 
nlnas  and  banzophthalocyanlnes  having  various  patterns  of  ring  substitution 
this  work  was  carried  out  In  order  to  gain  facility  in  tha  praparation  of 
phthalocyanlnas  and  benzophthalocyanines  from  subphthalocyanlnas ,  and  In 
order  to  gat  saall  anounts  of  reprcsentatlva  coapounds  from  these  two 
groups.  Tha  compounds  made  arc  shown  in  Table  I. 


laotd  i 


Phthalocyanines  Synthesized  from  Subphthatocyanines 
Subphthalocyanino  Diiminoisoindoline  Product 
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Phthalocyanines  Synthesized  (rom  Subphthalocyanines 
Subphthaloeyanine  Oiiminpisoindoline  Product 


^  A<>i 

oa:> 


N^N 


Yield 
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.  »_w.O  *  \wu<i  i.j 

Phthalocyanines  Synthesized  from  Subphthalocyanines 


Subphthaloq^anine  Dliminoisoindoline 


Product 
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These  compounds  were  made  on  a  small  scale  and  were  not  purified  exten¬ 
sively.  While  the  yields  of  the  compounds  obtained  were  low,  they  were  high 
enough  to  show  that  gram  quantities  of  the  compounds  can  be  synthesized  in 
the  future  if  needed.  Spectra  of  compounds  1-10  in  1,2-dichlorobenzene  are 
shown  in  Figures  4-13.  These  spectra  show  the  band  patterns  expected  on  the 
basis  of  Kobayashi's  work.^  As  anticipated,  the  phthalocyanine  having  three 
c-butyl  groups,  compound  11  in  Table  I,  is  easily  soluble  in  organic 
solvents . 
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Rgur«  4.  UV-Vis  spectnjm  of  phthalocyanine  in  l  .2*dichioroben2ene. 
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Flgurt  5.  UV-Vis  spectrum  of  4-methoxyphthalocyanine  in  1 .2-dichlorobenzene. 
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o  M  cr  > 


Figur*  6.  UV-Vis  spectrum  of  3,4.5,6-tetrachlorophthalocyanine  in 
1 ,2<iichlorobenzene. 
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Figura  8.  UV>Vis  spectrum  of  compound  5  in  1 .2*01011  lorobenzene. 
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Figure  9.  UV-Vis  spectrum  of  compound  6  in  1 ,2<dichlorobenzene. 
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X(nrr$ 

Rgur*  10.  UV'Vis  spectrum  of  compound  7  in  1 ,2’dichlorobenzene. 
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Figur*  1 1 .  UV-Vis  spectrum  of  compound  8  in  1 .2>dichloroben2ene. 
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o  w  cr  > 


Rgurt  12.  UV-Vis  spectrum  of  compound  9  in  1 .2-dichlorobenzene. 
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O  «  <7  > 
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FIgura  13.  UV-Vis  spectrum  of  compound  10  in  1 ,2*dichlorobenzene. 
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STnehasls  of  Fusod-Rlng  Phthalocyaninos  by  Ring  Expcnslon.  Work  was 
also  started  on  tha  use  of  BsubPc(c-Bu)3Cl  for  the  synthesis  of  a  fused-ring 
phthalocyanine .  The  reaction  initially  tried  is  of  the  type  illustrated  by 
Sequence  8.  The  actual  reaction  is; 


So  far  no  fused-ring  phthalocyanine  has  been  obtained  from  this  reaction. 


The  benzophthalocyanine  with  two  bromo  groups,  compound  7  in  Table  I, 
is  of  particular  interest  because  it  opens  the  possibility  of  making  a 
fused-ring  phthalocyanine  of  a  different  type,  that  is,  of  the  type  shown  in 
Figure  14 . 
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Figure  14.  A  fused-ring  phchalocyanine  with  a  naphcho  bridge 
Here  the  bridge  between  the  two  great  rings  is  a  naphtho  group  rather 
than  a  benzo  group.  The  route  opened  is: 


t.g 

Synthesis  of  Metallated  Polar  Benzophthalocyanlne.  Finally,  work  on 
the  nctallatlon  of  two  of  the  benzophchalocyanines  was  done.  The  mono-c- 
butylbenzophthalocyanine ,  compound  8  in  Table  I,  was  converted  into  its  zinc 
analogue  by  the  reaction 
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+  Zn(0Ac)2'2H20 


and  th*  monochlorobenzophthalocyanine .  compound  5  in  Table  I,  was  converted 
to  its  dichlorotln  analogue  by  the  reaction 


+  SnCl2 


(U) 


This  work  shows  that  metallated  analogues  of  the  macrocyclcs  produced 
by  ring  expansion  from  subphthalocyanines  can  be  prepared  (as  expected) ,  and 
makes  it  clear  that  the  properties  of  the  rings  in  these  macrocycles  can  be 
modulated  by  metal  insertion  and  by  axial  ligand  exchange  when  needed. 

Summary.  From  the  above  it  is  apparent  that  the  use  of 
subphthalocyanines  opens  up  practical  routes  to  fused  ring  phthalocyanines 
that  have  the  potential  to  have  high  addition,  it  opens  routes  to 

polar  phthalocyanines  and  benzophthalocyanines  that  have  the  potential  to 
have  high 

PROPOSED  WORK 

Synthesis  of  Fused-Rlng  Phthalocyanines.  In  the  coming  period  the 
synthesis  of  a  fused-ring  phthalocyanine  will  be  vigorously  pursued.  In 
this  work  extensive  use  will  be  made  of  the  knowledge  developed  in  the  past 
year.  A  series  of  routes  will  be  investigated  until  one  is  found  that 


gives  a  fused- ring  phthalocyanine . 


The  routes  that  will  be  evaluated  include  the  sequence  given  above  as 
Sequence  11,  that  is: 


Also  included  is  a  sequence  of  the  sane  type  as  Sequence  9. 
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r 


CuCN 


CN 

CN 


S«qu«nc«  11  will  be  studied  first  because  it  is  shorter.  However,  if  it 
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dots  not  give  the  desired  results,  attention  will  be  given  to  Sequence  IS. 

Since  the  work  done  on  BsubPc(c-Bu)3Cl  has  led  to  the  preparation  of  u- 
c-butylphthalonitrile,  the  possibility  of  using  routes  like  parts  of 
Sequence  S  or  like  Sequence  6  for  making  fused- ring  phthalocyanines  is  now 
open.  Routes  of  these  types  will  also  be  Included  in  the  work  directed  to 
Che  synthesis  of  a  fused- ring  phthalocyanine.  One  that  will  be  included  is 
similar  to  part  of  Sequence  S . 


A  second  is  similar  except  that  SnCl2  is  used  in  place  of  Li. 


(16) 
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subphthalocyanine  sequences.  Because  of  chis  at  least  some  work  will  be 
done  with  them  early  in  the  year.  Emphasis  will  be  given  to  Sequences  16 
and  17  first  because  they  are  shorter  than  Sequence  18. 

Synthesis  of  Polar  Phthalocyanlnes  and  Benzophthalocyanlnes .  Vork  will 
also  be  done  on  the  synthesis  of  polar  phthalocyanlnes  and 
benzophthalocyanlnes.  Here  for  example  the  trl-c-butylnitrophthalocyanine 
shown  in  Figure  15  may  be  made. 


Figure  15.  Tri*c*butylnltrophthalocyanlne 
The  particular  compounds  to  be  made  will  be  decided  upon  after  detailed 
discussions  with  Hoechst  Celanese  personnel  since  a  wide  variety  of 
compounds  can  be  made  and  thus  the  particular  needs  of  Hoechst  Celanese 
personnel  can  be  taken  into  immediate  and  detailed  account. 

Communication  with  Hoechst  Celanese  Personnel.  In  all  the  work  to  be 
done  Hoechst  Celanese  personnel  will  be  kept  Informed  as  to  progress.  Their 
advice  as  to  which  avenues  of  research  should  be  emphasized  will  be  actively 
sought.  Supplies  of  the  compounds  made  will  be  given  to  Hoe  chi  Celanese 
personnel  when  requests  are  made.  In  general,  an  effort  will  be  made  to 
supply  amounts  in  the  half  to  one  gram  range  initially.  If  larger  amounts 
are  needed  later,  efforts  will  be  made  to  supply  them. 
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EXPERIMENTAL 


BsubPcCl.  A  slurry  of  phth«lonitrile  (1.01  g)  «nd  l-chloronaphch«lene 
(2.5  mL)  was  stirred  under  Ar  for  20  aln.  A  solution  of  BCI3  in  heptane 
(IM,  4.8  olL)  was  added  to  this  slurry  and  the  heptane  was  distilled  off. 

The  renainder  was  heated  to  150*180°  for  1  h,  refluxed  for  10  oin,  cooled, 
and  filtered.  The  solid  was  washed  with  heptane  and  air  dried  (0.87  g,  78%). 

A  portion  of  the  product  was  sublimed  (0.1  torr,  280°,  2  h) :  UV-Vis 
(1,2 -dichlorobenzene)  Anux  567  mm  (lit.  565  nm) ;  IR  (Nujol)  952  (s.  B-Cl) 
cm*l  (lit  950  cm*l).  MS-HR  exact  mass  mfz  calcd  for  C24Hi2N6®Cl  (M)"*": 
430.0905.  Found  430.0932. 

The  compound  is  bronze  colored.  Thin  films  of  it  are  purple  by 
transmitted  light.  The  compound  is  moderately  soluble  in  hot  1- 
chloronaphthalene .  The  unsublimed  compound  is  satisfactory  for  use  as  a 
synthetic  intermediate. 

BsubPc(t-Bu)3Cl.  A  solution  of  4- t-butylphthalonitrile^  (1.01  g)  and 

1- chloronaphthalene  (2.5  mL)  was  stirred  under  Ar  for  30  min.  A  solution  of 

BCI3  in  heptane  was  added  to  the  solution  and  the  heptane  was  distilled  off. 

* 

The  resultant  was  heated  at  150-180°  for  1  hr,  refluxed  for  10  min,  cooled 
and  eyaporated  to  dryness  (1  torr,  140°,  2  h)  (1.98  g) . 

A  portion  of  the  product  was  subjected  to  gel  permeation  chromatography 
(S'X4  Bio-Beads,  4.5  x  50  cm.  toluene)  and  vacuum  dried  (60  torr,  70°,  1  h) : 
UV-Vis  (toluene)  569  nm;  NMR  (200  MHz,  CDCI3)  S  8.91  (d,  Ar) ;  8.81  (dd, 

Ar),  8.01  (dd,  Ar),  1.55  (d,  c-Bu). 

The  compound  is  a  bronze  colored  solid.  Thin- films  and  solutions  of  it 
are  purple  by  transmitted  light.  The  compound  is  soluble  in  CHCI3, 
toluene,  acetone,  and  hexane. 

Rspresancacive  Synthesis  of  a  Benzophthalocyanine,  Synthesis  of 
Compound  8.  A  slurry  of  6-t-bucyl-l,3-diiminobenz(f)isoindoline  (127  mg), 
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BsubFcCl  (52  mg),  l-chloron«phth«len*  (3  mL)  «nd  Me2S0  (3  bL)  was  stirred 
under  Ar  for  23  h  while  being  held  at  80®-90®.  The  resultant  was  vaccun 
concentreced  (0.1  torr,  70®,  -3  mL) ,  diluted  with  MeOH  <40  mL)  and  filtered. 
The  solid  was  washed  with  MeOH  and  vacc\Jm  dried  (60  torr,  70®,  1  h)  (12  mg, 
16%) :  UV-Vis  (1,2 -dichlorobenzene)  Aaax  ^^0  nm. 

the  compound  is  blue-green.  TThin  films  and  solutions  of  it  are  green 
by  transmitted  light.  The  compound  is  sparingly  soluble  in  CHCI3,  1,2- 
dichlorobcnzene ,  and  l-chloronaphthalene . 
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Abstract 


Wortt  on  ih,  wh«is  Of  matert.!,  tor  us.  in  *(2)  ,nd  „ 

«^P^<««ct«lu^rts«,..ynth.si.of,  Wring 


In  this  study,  work  dirsctod  towards  the  synthesis  of  compounds  for  use  as 
and  x^)  materials  was  carried  out. 

Fused-Ring  Tetrahenzoporphyrins.  The  work  on  the  x^^^  materials  was 
focused  on  the  synthesis  of  a  fused-ring  tetrabenzoporphyrin  of  the  type  shown 
in  Figure  1 .  This  work  a«$  a  continuation  of  eariier  work  in  which  attempts  were 
made  to  make  a  fused-ring  phthalocyanine  of  the  type  shown  in  Figure  2. 


Figure  2.  A  fused-ring  phthalocyanine. 


2 


A  recent  report  of  Kobayashi'sf  on  the  synthesis  of  a  fused-ring 
tetrabenzoporphyrin  formed  the  basis  of  the  work  carried  out  on  fused-ring 
tetrabenzoporphyrfos.  In  this  worK  attention  was  first  devoted  to  the  synthesis  of 
the  model  compound  zinc  tetrabenzoporphyrin.  ZnTBP,  Figure  3.  This 
compound  was  synthesized  according  to  the  procedure  of  LukVanets.2.3  The 
equation  for  this  synthesis  is: 


CX? 


NK  2n(0Ac)2*2H20  ■¥  NaOAc 


ZnTBP  (1) 


The  product  obtained  was  purified  by  adsorption  chromatography.  It  was  shown 
to  be  the  desired  compound  by  UV*Vis  spectroscopy. 


Figure  3.  Zinc  tetrabenzoporphyrin,  ZnTBP. 


After  this  compound  had  been  made,  attention  was  given  to  the  synthesis  of 
zinc  fused-ring  tetrabenzoporphyrin,  Zn^FRTBP,  Figure  4.  The  route  tried  was 
parallel  to  that  of  Kobayashi.i 
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NK  +  2h(0lAc)2-2H2O  ♦  NaOAc  - ►  (2) 


Figure  4.  Zinc  Fused-RIng  Tetrabenzoporphyrin,  2n2FRTBP. 


The  product  obtained  was  separated  into  fractions  by  adsorption 
chromatography.  ZnTBP  was  found  in  several  of  these  fractions,  but  no 
Zn2FRTBP  was  detected.  At  this  point,  work  on  fused-ring  compounds  was 
stopped. 

Boron  Subpiithalocysnlnes.  The  work  on  x(^)  materials  was  focused  on 
the  synthesis  of  phthaiocyanines  with  both  donor,  0.  and  acceptor.  A,  groups, 
Le.,  on  *pu8h-puH”  phthaiocyanines.  The  route  t^osen  for  the  synthesis  of  these 
compounds  involved  the  expansion  of  the  ring  of  a  substituted  boron 
subphthalocyanine.  BsubPcR3X,  with  a  substituted  diiminoisoindoline.4 
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BsubPcDsX  + 


H2PCD3A 


0) 


As  a  part  of  this  effort,  work  was  done  on  the  synthesis  and  oharacterization 
of  a  ser«s  of  boron  subphthalocyanines.  For  the  synthesis  of  these  o^pounds, 
BsubPcCI  was  used  as  the  starting  material.  This  latter  compound.  Figure  5,  is  a 
known  compound. 


Figure  5.  Chioroboron  Subphthaiocyanine,  BsubPcCI. 

The  compounds  made  were  BsubPcisoBu.  BsubPcN(isoPr)2.  BsubPcOMe. 
BsubPcOEt,  and  BsubPcOSi(/>-C6Hi3)3.  For  the  synthesis  of  these  compounds, 
the  routes  used  were: 


BsubPcQ 

isoBuMgCI  — 

— 

BsubPcisoBu 

(4) 

BsubPcO 

LlN{i80Pr)2  — 

BsubPcN0sDPr)2 

(5) 

BsubPcQ 

♦ 

NaOMe  — 

— 

BsubPcOMe 

(6) 

BaubPca 

♦ 

NaOEt  — 

BsubPcOEt 

(7) 

BsubPcCI 

•f 

NaOSi(rhC6Hi3)3  — 

— ». 

BsubPcOSiCrhCfiHi  3)3 

(8) 
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These  compounds  were  purified  by  adsorption  or  gel  permeation 
chromatography.  Their  composition  was  verified  by  high  resolution  mass 
spectroscopy. 

These  compounds  were  soluble  in  ordinary  solvents  such  as  toluene  and 
were  thus  unlike  BsubPcCi.  The  compounds  gave  the  expected  NMR 
resonances. 

Push-Pull  Phthaiocyanines.  Another  part  of  the  work  on  x(2)  materials  was 
aimed  directly  at  the  synthesis  of  a  push-pull  phthaiocyanine.  The  compound 
^osen  for  this  study  was  trifiuoromethyttris-/-but^phthaiocyanine.  H2TTPC. 
Figure  6.  The  route  selected  for  this  compound  is  shown  in  Scheme  1. 


O 


Figure  6.  Trifluoromethyltris-f-butylphthalocyanlne,  H2TTPC. 

The  1.2-dimethyl-4-trifiuoromethylbenzene.  1  needed  for  this  synthesis  was 
purchased  (Lancaster).  With  it  as  a  starting  point,  compounds  2  to  Z  ’  vere 
made.  The  composition  of  each  was  verified  by  matching  physical  constants.  ^ 
The  BsubPc(FBu)3CI  needed  for  the  final  step  of  the  synthesis  was  made  by  a 
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(One  of  possible  isomers) 

£ 


Sdiente  1.  Rout®  chosen  for  synthesis  of  H2TTPC. 
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proctdur#  s^iiar  to  that  usad  by  Metior  and  Ossko  for  BsubPcC(.s  Tha  yiakf  of 
this  stap  was  low,  but  usaful  amounts  of  H2TTPC  wars  obtained.  Tha  H2TTPC 
was  purifiad  by  adsorption  and  column  chromatography,  tts  composition  was 
varifiad  by  mass  spectroscopy.  Tha  compound  showed  a  vary  complex  NMR 
spectrum.  This  is  attributable  to  tha  fact  that  tha  compound  was  an  isomer 
mixture.  The  zinc  compound  was  made  from  tha  H2TTPC.  This  also  gave  a 
cornplax  NMR  spectrum. 
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1  Project  Summary 

Hie  porpoce  of  the  nimlineer  optical  polymer  fiber  project  waa  to  atody  tbe  poasibillty  of  incor* 
panting  Hoedut-Cdanese  dye  cliromophores  into  tbe  cme  of  aini^c-fflode'difflentioned  polymer 
optical  fiber:  n  geometry  that  ia  well  anited  for  a  large  variety  of  wavegniding  devicea.  In  par* 
ticnlar,  we  have  incorporated  a  PMMA  copolymer  of  tbe  monoacrylate  material  (notebook  entry 
#37554>18C)  in  a  fiber  core.  We  report  here  on  the  metboda  and  proceaaing  conditiona  naed  to 
make  ancb  fibera  and  tbe  properties  of  the  finished  prodnct.  Enclosed  with  this  report  U  a  apod  of 
fiba[*]  and  a  variety  of  exhibits  that  represent  varions  stages  of  tbe  fiber-making  process.  Details 
are  given  in  tbe  text. 

This  summer  project  involved  two  students,  Scott  Townsend  and  Kurt  Zimmerman,  who  are 
in  tbe  masters  degree  program  in  the  Department  of  Pbytics.  Tbe  work  done  at  Washington 
State  University  was  in  dose  collaboration  with  Dr.  Robert  Norwood  and  Dr.  Jim  Sounik  of 
Hoecbst'Celanese. 

2  Introduction 

We  have  developed  a  fiber-drawing  apparatus  that  is  sdiematicaDy  outlined  in  Figure  1.  In  tbe 
drawing  process,  the  preform  is  fed  into  an  oven  to  soften  the  material  which  is  subsequently 
pulled  into  a  fiber.  The  preform  is  a  solid  rod  of  polymer  with  a  dye-incorporated  core  leipon.  In 
tbe  drawing  proceu,  the  preform  diameter  contracts  leaving  the  core  to  dadding  diameter  ratio 
unchanged.  Details  of  this  process  are  described  In  one  of  our  recent  publicatioDS^l] 

The  chromopbmres  in  the  core  define  a  wavegniding  region  of  devated  refractive  index  and  oi 
hi^  nonlinear-optical  susceptibility,  thus  confining  the  higb’intentity  light  to  the  region  of  high 
ncmlinearity.  Figure  2  shows  a  schematic  representaticm  of  the  fiber.  Because  the  efficlendes  of  aU 
nonlinear-optical  processes  depend  on  tbe  intensity  of  light  and  the  distance  over  which  the  light 
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Figure  1:  A  echeiuatic  representation  of  the  fiber  drawing  apparatus. 
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propagittt,  optica]  fibers  ideally  suit  the  bigh-efficieocy  criteria  by  confiaing  high  lif^t  iatcnsities 
to  a  naall  core  over  a  loag  distaace.  la  the  sectioas  that  foUow,  we  oatliae  parts  of  the  drawiag 
apparatas  that  were  developed  for  laaldag  Hoechst*Celaaese  fibers,  methods  for  mahiag  prcforxos 
aad  properties  of  the  fiaal  fibers. 

3  Oven 

The  ovca  is  aa  importaat  part  of  the  drawiag  proceu.  The  temperatarc  distribaticm  mast  be 
kept  fixed  do;iag  the  whole  drawiag  procedare.  We  have  desigaed  aad  bailt  a  glass  ovea  chamber 
(for  easy  sample  moaitorlag)  with  a  resistive-wire  coil  heatiag  ^meat  that  is  woaad  aroaad  the 
iaaer  wall  (See  figure  3).  The  air  space  betweea  the  iaaer  aad  oater  chamber  acts  as  aa  iasalatioa 
layer.  The  air  temperature  iaside  the  drawing  regioa  is  stabilised  by  puHiag  a  low  rate  of  air-flow 
through  the  heat  veat. 

The  ovea  temperature  profile  has  been  optimised  to  draw  PMMA  fiber  by  adjusting  the  coQ 
spacing  and  voltage  across  the  cdl.  We  have  measured  both  the  air  aad  preform  temperature 
at  the  ideal  drawing  conditions  as  a  function  of  v^cal  position  down  the  middle  of  the  central 
chamber.  The  top  portion  of  Figure  4  shows  the  measured  temperature  profile  aad  the  bottom 
portion  shows  the  corresponding  position  within  the  oven.  The  air  temperature  was  measured 
by  translating  a  thermistor  probe  down  the  shaft.  The  preform  temperature  was  measured  by 
physically  imbedding  the  temperature  probe  into  a  preform,  then,  drawing  the  fiber.  As  the 
preform  is  fed  into  the  oven,  the  probe  moves  down  through  the  ovea  chamber  untQ  it  reaches  the 
neck  down  repoa,  at  wluch  time  the  drawing  process  must  be  striped  to  retrieve  the  thermistor. 

Note  that  the  air  temperature  rises  up  the  oven  shaft  while  the  preform  temperature  peaks 
at  the  positiem  of  highest  coil  winding  density.  This  is  direct  evidence  that  the  dominant  heating 
mechanism  is  that  of  radiative  infrared  heating  as  opposed  to  omvective  air  heating.  The  fact 


Figure  3:  A  crou-sectional  view  of  the  Oven. 


Flgare  4:  Th«  v«rtjc«I  own  tcmp«r»t«ic  ptofUc. 
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that  the  neck'dowa  repon  ednddas  with  the  poiot  highest  coil  density  farther  strengthens  this 
condnsiem. 


4  Draw  Speed 


The  diameter  of  the  fiber  is  determined  from  the  feed  velodty  oi  the  preform  into  the  oven  and 
the  fiber  drawing  vdodty.  Because  of  mass  conservation,  the  ratio  of  these  two  speeds  is  related 
to  the  ratio  of  the  preform  and  fiber  diameter: 


(1) 


where  v  and  d  are  the  fiber  vdodty  and  diameter  and  V  and  D  the  preform  feed  velodty  and 
diameter.  It  is  also  interesting  to  calculate  the  length  of  fiber,  /,  that  can  be  drawn  from  a  preform 
of  length  X: 


(2) 


Because  the  fiber  diameter  is  much  smaller  than  the  prdbrm  diameter,  it  is  typical  for  a  10cm 
preform  to  draw  into  a  Ikm  fiber. 

figure  5  shows  the  measured  fiber  diameter  as  a  fonction  of  draw  speed  ratio.  The  solid 
theoretical  curve  is  calculated  from  Equation  1  with  no  adjustable  parameters.  The  dashed  curve 
throng  the  data  is  fit  with  the  preform  diameter  as  the  adjustable  parameter.  The  inset  shows 
the  fiber  diameter  at  low  feed  rate.  Note  that  the  data  point  for  a  very  large  fiber  diameter  is 
cmisistent  with  theory.  With  such  calibratiem,  we  have  found  that  we  can  produce  a  wide  range 
fiber  diameters  on  demand.  Figure  6  shows  the  rcprodudbility  in  fiber  diameter  over  three 
separate  runs  that  qtan  a  wide  range  of  drawing  speeds.  Note  thsit  the  scatter  in  the  data  is  leu 
than  5%  of  the  mean. 
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Figure  5:  Fiber  diameter  dependence  on  draw/feed  speed  ratio.  The  diameter  was  measured  with 
a  micrometer  after  drawing. 


Figure  6:  Reproducibility  of  liber  diameter  with  draw  speed.  The  diameter  was  measured  with  a 
micrometer  after  drawing. 
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5  Fiber  Draw  Monitoring  System 

Ib  make  fiber  of  viuform  quality  over  long  lengths,  it  is  important  to  monitor  the  drawing  condi- 
ticnu.  We  are  in  the  process  of  installing  a  laser-assisted  optical  diameter  gauge  and  have  already 
installed  a  fiber  tension  gauge.  Calibrations  of  the  tennon  with  draw  conditions  are  in  progress. 
Because  the  preform  temperature  can  not  be  directly  monitored  in  the  oven  (for  reasons  described 
in  *Oven’  section),  the  fiber  thickness  and  tension  monitor  will  be  used  to  activdy  readjust  the 
draw  speeds  and  oven  temperature  to  compensate  for  fluctuations.  For  short  segments  of  fiber 
(tens  of  meters),  the  fiber  diameters  have  been  observed  to  be  uniform.  Fibers  made  to  date  were 
produced  without  monitoring. 

Figure  7.  shows  the  complete  fiber  drau'ing  tower. 

6  Preform  Fabrication 

The  end  quality  of  the  pdyroer  fiber  is  strongly  dependent  on  the  quality  of  the  preform.  Bubbles 
that  are  trapped  in  the  preform,  for  example,  will  draw  into  long  hollow  regions.  If  such  bubbles 
are  trapped  in  the  core,  waveguiding  may  not  be  possible.  For  this  reason,  we  have  developed 
several  methods  of  preform  fabrication  that  have  been  specifically  targeted  at  Roechst-Celanese 

ft 

materials.  In  general,  the  preform  fabrication  process  falls  into  two  broad  stq>s:  cladding  and 
core  processing.  The  three  procedures  that  we  have  devdoped  are  summarised  below. 

6.1  Core  Injection 

A  solid  cylindrical  rod  of  PMMA  is  cut  in  half  along  the  fiber  axis  and  a  semidrcnlar  grove 
is  machined  along  the  axis  of  both  half-cylinders.  Hie  two  halves  are  then  btmded  together 
with  monomer  and  clamped  together  in  a  cylindrical  fixture  at  devated  temperature.  A  edre, 
whose  diameter  matches  the  hde  diameter,  is  used  to  both  align  the  half-sccdons  and  to  prevent 
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Figure  7:  Fiber  drawing  tower. 


monoaer  irom  leaUng  into  the  kde  daring  the  poiymerizntion  process.  Exhibit  A  U  a  set  of 
half-sections.  Exhibit  B  the  milled  half  sections,  and  Exhibit  C  the  two  bonded  half  sections. 
This  seemin^y  complex  process  for  ‘drilling  a  hole*  in  the  preform  is  necessary  to  prevent  crazing 
and  chipping  that  accompanies  standard  drilling.  Fnrthermore,  no  drill  bit  is  capable  of  making 
snch  a  small  diameter  hole  over  snch  a  long  length. 

Next,  one  end  of  the  preform  is  sealed  with  epoxy.  A  liquid  mixture  of  monomer,  chromophore 
and  initiator  is  inserted  into  the  core  with  a  micfosyringe.  After  sealing  the  open  end,  the  preform 
core  is  polymerized  at  devated  temperature  in  a  cylindrical  clamp  to  keep  the  preform  from 
deforming.  Exhibit  D  is  a  finished  preform  section  and  Exhibit  E  a  thin  polished  section  of  a 
preform.  The  preform  is  then  drawn  into  a  fiber.  Exhibit  E  is  a  cross-sectional  piece  of  the 
remains  of  the  neck-down  region  of  a  spent  preform. 

6.2  Capillary  Filling 

In  the  capillary  method,  the  cladding  region  is  prepared  as  in  the  previous  subsecticm.  The  core, 
however,  is  formed  separately  and  inserted  into  the  h<de  of  the  solid  preform  as  foUowt.  A  hollow 
preform  is  drawn  in  the  tower  to  form  a  small  capillary  tube  whose  diameter  matches  the  hde 
in  the  preform.  The  monomer  sdution  is  inserted  into  the  capillary  tube  under  capillary  action 
and  polymerized  at  elevated  temperature.  Exhibit  F  is  the  starting  tube.  Exhibit  G  the  drawn 
capillary  tube,  and  Exhibit  H  the  final  polymerized  ewe.  The  capillary  tube  can  be  either  inserted 
in  the  hde  and  drawn  or  inserted  into  the  half-cylinders  before  they  are  bonded  together. 

6.S  Core  Drawing 

In  the  eon  drawing  method,  the  core  is  also  separately  prepared.  The  manomer-chromoph<ne 
■olntimi  is  polymerized  in  a  long  test  tube  and  the  rod  so  formed  is  drawn  into  a  fiber  whose 
diameter  matches  the  diameter  of  the  cladding  hole.  The  core  is  inserted  into  the  prcfixrm  hde 
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And  drawn.  The  fiber  OMre  can  be  IntRted  into  the  con  before  or  after  the  bemdiag  procedure. 
Exhibit  I  it  the  polymerized  tsbe  ated  to  draw  the  core  and  Exhibit  J  a  drawn  core. 

7  Discussion 

Eadi  method  of  making  preformt  hat  advantage*  and  ditadvantag**-  The  Boechtt-Celaa^e 
copdymer,  however,  hat  Kverai  advantage*  over  the  gtiect  hott  tolid  tolatlon  lyncm  at  fcdlowf . 

e  Higher  doping  ccmccntratkmt  are  pottible 

e  Fatter  pdymerization  rate*  (Dittolved  dye*  in  the  monomer  inhibit  polymerization) 

e  Greatly  reduced  diffution  of  th*  dye  diromophorc  <nit  of  the  ome  and  into  the  dadding 

Figure  8  ahowt  an  example  c(  dopant  diffution  of  a  dye  chromopbore  into  FhIMA  pdymer- 
The  photograph*  (from  left  to  right  and  down)  show  the  core  a  tquaryliam>d<^ed  fiber  at 
ever  increating  contratt  Jeveli.  The  upper  left  photograph  thowi  a  nnall  but  highly  doped  8pm 
core  and  the  bottom  right  photograph  thowt  the  broad  range  d  diffution  in  the  tame  fiber  cme. 
Note  that  image  truncation  and  grain  it  an  artifact  of  the  imaging  tyttem.  While  graded  index 
profile*  may  be  uteful  in  tome  ^plicationt,  a  tmall-corc  ttep  index  it  bett  tuited  for  high  intmtity 
all-optical  device  application*. 

Th  advantage*  of  the  Boechtt-Celaneae  material  ihould  lead  to  the  devdopment  d  high- 
quality  waveguide*  that  will  tomeday  be  component*  in  an  aS-opticai  device. 

8  Work  In  Progress 

We  are  continuing  to  improve  the  drawing  procett  ia  an  efTort  to  make  hi|^-quality  rinf^mode 
polymer  fiber*  vrith  Hoechtt-Cdanese  material*.  Two  matter*  ttudent*  will  be  in^ved  with  the 
project  until  the  end  of  1992.  One  of  theie  ttudent*  hat  been  attiped  a  matters  thetit  project  with 
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Figure  8:  Photogruphi  Ukeo  with  a  fiber  imagiBg  tytUm  of  a  HuaryBoin-4(^  fber  with  la- 
craaaiag  levalt  of  matrast. 
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tit«  goal  of  observiag  third  harmoiuc  geoeratioo  io  the  dye-chromophoro-rich  core  i^oo  of  a  tisgle 
or  dMble>iiiodc  fiber.  The  exp«rimeDtal  proccdarc  iavolvet  applyiog  a  loai^tadiaal  itreu  to  the 
fiber  dariag  the  third  hansoak  measoremcatf  to  iadace  a  chaage  ia  the  optical  path  Icagth  which, 
aa  a  foactioa  of  this  leagth,  should  result  ta  maker  friagm.  Su^  measuremeats  udll  detenaiae 
the  last  dectroaic  respoase  of  the  dyes  ia  the  waveguide.  The  secoad  stndeat  is  ooaceatratiag 
OB  improviag  the  guidiag  modes  of  the  fiber  by  improviag  the  processag  waditioas.  Aa  iafrared 
ima{pag  system  is  beiag  used  uader  white-light  exposure  to  record  the  surface  quality  the  fiber 
ends  and  to  determine  the  core  size.  A  cdicrent  ialirared  source  that  cxdtcs  a  gulded-mode  will 
be  imaged  with  the  same  system.  The  transverse  beam  profile  of  the  light  ia  the  core  will  be  used 
to  determine  the  quality  of  the  guided  mode.  The  imaging  apparatus  is  cq>erational  and  the  third 
harmonic  generation  experiments  are  being  assembled.  Both  experiments  arc  expected  to  yidd 
new  results  by  the  end  of  1992. 
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